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Abstract 
Flooding hazards are common in the Colorado Front Range due to the steep, 
complex terrain of the mountains where waters quickly spill out onto the most 
populated region of Colorado. This region has experienced numerous catastrophic 
floods, such as the 2013 Front Range Floods, the Fort Collins Flood of 1997, and the 
Big Thompson Canyon Flood of 1976 to name a few. The objective of this study was to 
analyze basin morphometric characteristics of several drainage basins throughout the 
Colorado Front Range South Platte River tributaries and determine how these 
characteristics relate to extreme flooding. This was done through three parts: 1) data 
collection on prior maximum flood magnitudes through a historic and field-based 
paleoflood analysis; 2) a morphometric terrain analysis with ArcGIS to delineate basin 
characteristics such as area, shape, slope, relief, and stream characteristics; and 3) a 
statistical analysis to determine correlations. Results indicate that drainage area under 
2,300 meters elevation, total drainage area, area of basin with slopes greater than 30 
percent, total stream length, number of streams, basin magnitude, basin length, basin 
perimeter, relief ratio, basin relief, and basin orientation are the most important 
characteristics driving flood magnitudes.  
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Extreme precipitation and subsequent flooding are the most prevalent and costly 
natural hazard globally (Baker et al., 2002). It is therefore necessary to better 
understand basin morphometric characteristics driving flood magnitudes to help 
mitigate flood risk (Costa, 1987). The Colorado Front Range is particularly prone to 
flood hazards due to the steep, complex terrain of the mountains where waters quickly 
spill out onto the most populated region of Colorado along the Front Range (McKee and 
Doesken, 1997). This region has experienced numerous catastrophic floods, such as the 
2013 Front Range Floods, Fort Collins Flood of 1997, Big Thompson Canyon Flood of 
1976, Denver/South Platte Flood of 1965, and Arkansas River at Pueblo Flood of 1921 
(NWS, n.d.).  
The objective of this study was to analyze morphometric characteristics of 
drainage basins along the Colorado Front Range and determine how these 
characteristics relate to extreme flooding. This was accomplished through three parts: 1) 
field-based and archival data collection on prior maximum observable flood magnitudes 
using paleoflood and historic analyses; 2) a morphometric terrain analysis using GIS to 
delineate and quantify basin characteristics; and 3) a statistical analysis to examine 
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relationships between morphometric characteristics and flood magnitudes. Maximum 
flood magnitude data for some basins of study had already been determined by previous 
studies. All basins without this information were determined through field-based 
paleoflood analyses. The morphometric analysis considered area, shape, relief, slope, 
and stream characteristics, which were then compared to the maximum flood discharge 
for each basin to determine characteristics that are most strongly associated with 
extreme flood magnitudes. 
1.2. Literature and Context 
1.2.1. Flood Risk in the Colorado Front Range 
The Colorado Front Range is located along the eastern slope of the Rocky 
Mountains where the foothills meet the Great Plains and Denver Basin, stretching 
approximately from the cities of Fort Collins to Pueblo. There are several sizable cities 
and towns along the Colorado Front Range Urban Corridor, which holds approximately 
85 percent of Colorado's 5.6 million residents (Uccellini, 2014). This region is also 
where most intense precipitation and extreme storms in the state occur, which in 
combination with the steep, complex terrain of the mountains and foothills makes this 
region one of high risk to flash flooding and regional flooding (see section 1.3.1.; 
McKee and Doesken, 1997; Mahoney et al., 2015).  
Flooding poses a high risk and cost for the Colorado Front Range (CWCB and 
CDEM, 2013). For example, the 2013 Front Range Floods caused 9 fatalities, more than 
3,000 people that needed rescuing, 11,000 people evacuated, and cost approximately 
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$3-4 billion dollars in damages (NWS, n.d.). Damages included destruction of 19,000 
homes, 800 commercial buildings, 20 state highway bridges, and 200 miles of roadway, 
with many roads completely washed away and crops and properties inundated. The Big 
Thompson Canyon Flood of 1976 was the deadliest natural hazard in Colorado history, 
with 144 fatalities and $39 million in damages (Jarrett and Costa 1988; Jarrett and Costa, 
2006; NWS, n.d.). As of 2013, the South Platte River Basin on its own has experienced 
approximately $3.4 billion in flood damages (CWCB and CDEM, 2013). Table 1.1. 
shows loss of life and damages for notable floods from 1864-2013 for all of Colorado.  
Because extreme flood hazards pose a high risk in the Colorado Front Range, 
improved knowledge of various factors driving extreme flooding is necessary. 
Determining prior maximum flood discharges and morphometric characteristics most 
related to extreme flood magnitudes is useful for flood risk management planning by 





Table 1.1. Modified from CWCB and CDEM, 2013. *Denoted federal disaster declaration 
event. 
 Month Year Location Deaths Damages (2013$)
 May 1864 Cherry Creek (Denver) 0 $7,909,480
 July 1896 Bear Creek (Morrison) 27 $9,039,406
 Oct. 1911 San Juan River (by Pagosa Springs and San Luis Valley) 2 $7,909,480
 July 1912 Cherry Creek (Denver) 2 $176,268,427
 June 1921 Arkansas River (Pueblo) 78 $1,116,366,705
 May 1935 Monument Creek (Colorado Springs) 18 $76,834,955
 May 1935 Kiowa Creek near Kiowa 9 $22,598,516
 May 1942 South Platte River Basin ? $12,203,199
 May 1955 Purgatorie River (Trinidad) 2 $53,106,513
 July-Aug. 1956* Denver, Jefferson, Arapahoe Counties ? unknown 
 June 1957 Western Colorado 0 $25,988,294
 June 1965* South Platte River (Denver) 8 $2,937,807,117
 June 1965 Arkansas River Basin 16 $301,690,192
 May 1969* South Platte River Basin 0 $31,637,922
 Sept. 1970* Southwest Colorado 0 $19,208,739
 May 1973* South Platte River (Denver) 10 $570,612,535
 July 1976* Big Thompson River (Larimer) 144 $124,291,839
 July 1982* Fall River (Estes Park) 3 $72,315,251
 June 1983 North Central Counties 10 $38,417,477
 May-June 1984* West & Northwest Counties 2 $68,925,474
 May-June 1993 Western Slope 0 $3,050,800
 May-June 1995 Western Slope & South Platte 21 $76,834,955
 July 1997* Fort Collins & 13 East Counties 6 $458,625,795
 May-June 1999* Col. Springs, 12 East Counties 0 $146,890,355
2000-6 Statewide Various Events 5 $125,421,765
 July 2006
Beaver, Brush Hollow and Eightmile Creeks (Fremont 
County)
0 $2,147,614
 July 2006 Horse Creek, West Creek (Douglas) 0 $14,281,634
 Oct. 2006 Vallecito Creek (La Plata) 0 $1,073,807
 July 2007 Chalk Creek Canyon (Chaffee) 0 $1,073,807
 July 2007 Chalk Creek Canyon (mudflows) 0 $2,147,614
 July 2009 Six Mile Creek 0 $344,692
 June-July 2010 Statewide flooding (various events) 0 $846,160
 Sept. 2013 Front Range and Northeast Counties 9 $3,400,000,000
 Totals 372 $9,905,870,519
Notable Flood Events In Colorado: 1864-2013
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1.2.2. Extreme Precipitation and Flooding in Light of Climate Change 
Globally, climate change is predicted to increase extreme precipitation and 
flooding due to warmer air’s ability to hold more moisture (Milly et al., 2002; Groisman 
et al., 2005; Trenberth, 2011; IPCC, 2014). More extreme precipitation is expected even 
in regions where total precipitation is expected to decrease (Trenberth, 2011). In 
addition, precipitation is more likely to fall as rain rather than snow or hail due to 
warmer temperatures, which further increases the likelihood of flooding (Trenberth, 
2001; Mahoney et al., 2012; Kampf and Lefsky, 2016). Mountain regions are especially 
vulnerable to climate change due to the quick response of glaciers, snow, permafrost, 
water, vegetation, and soils to changes (Tullos et al., 2016).  
While an overall drier climate is projected for Colorado, climate modeling to 
predict extreme precipitation and flooding at a small scale in this region has proven 
difficult and shown mixed results (Mahoney et al., 2013).  Some models show changes 
in the North American Monsoon and moisture transport patterns, which could affect 
flood regimes in Colorado (Mahoney et al., 2013; Luong et al., 2017). Though there is 
some uncertainty in climate predictions for Colorado, due to the implications of climate 
change and likelihood of increased extreme flooding regionally and globally, 
developing a greater understanding of mechanisms related to extreme flooding is crucial.  
1.2.3. Paleoflood Hydrology 
Extreme floods, both ancient and recent, often cause significant geomorphic 
change, which leaves evidence that can be studied to reconstruct the magnitude of an 
event. Paleoflood hydrology is the scientific method of reconstructing recent and 
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ancient flood magnitudes and frequencies using physical evidence, primarily through 
paleostage indicators (PSI), slack-water deposits (SWD), and high-water marks (HWM) 
(Jarrett and England, 2002; Webb and Jarrett, 2002; Bodoque et al., 2015). PSIs 
include: 1) sediment deposits such as SWDs or boulder bars; 2) botanical evidence such 
as tree scars, bent grass, flotsam, or seed lines; 3) erosional features such as cut banks 
and trim lines along channel edges; and 4) landforms in streams or floodplains such as 
truncated alluvial fans, eroded basalt benches, and terraces (see figures 1.1. and 1.2.; 
Jarrett and England, 2002). A common misconception of paleoflood hydrology is that it 
only refers to ancient floods. Paleoflood hydrology techniques are also used for recent 
events that were not recorded at the time of the event, as opposed to a “historical” flood, 
which is a flooding event with recorded flood stages (Baker et al., 2002; Jarrett and 
England, 2002). 
 
Figure 1.1. “Diagram of a section showing typical paleoflood features used as paleostage 




Figure 1.2. PSIs, SWDs, and HWMs to indicate flood stage at the South Saint Vrain Creek 
Paleoflood Study Site. 
The study of paleoflood hydrology was largely established in the 1970s, though 
there are references back to the 1910s, notably along the Connecticut and Ohio Rivers 
(Grover and Mansfield; 1938; Jahns, 1947; Baker et al., 2002; England et al. 2010). The 
study has advanced considerably in the last few decades, both in methods and 
prominence in flood risk management planning (Baker et al., 2002; Jarrett and England, 
2002, England et al., 2018). It is particularly useful for constructing and extending flood 
records, which assists in flood hazard risk management planning and provides 
information on climate change and its effects on flooding and droughts (Baker, 1987; 
Jarrett, 1991; Jarrett and Tomlinson, 2000). Particularly useful for flood hazard 
management is to determine the upper limit of the largest floods that have occurred in a 
particular stream (Enzel et al., 1993; Jarrett and Tomlinson, 2000). However, paleoflood 
hydrology is also useful for determining a lack of flood evidence, which is just as 
noteworthy (Jarrett and Tomlinson, 2000; Levish, 2002). In the Rocky Mountains, flood 
records in many basins are generally not older than the last period of glaciation because 
8 
 
glaciation and glacial outwash “erase” evidence of previous flooding. In general, only 
floods that have occurred during the Holocene are of interest because these floods are 
most relevant to today’s climatic conditions in terms of flood-frequency analysis and 
risk management (Baker et al., 2002).  
In addition to reconstruction of paleoflood discharge magnitudes based on PSIs 
and HWMs, non-exceedance information is also useful for flood-risk management and 
dam safety, especially when PSIs are not well preserved (Levish, 2002). In flood-
frequency analyses, the crucial question for management is determining the discharge 
that will not exceed a given probability. Identification of geomorphic surfaces that have 
not been inundated by floods in an estimated amount of time, or the non-inundation 
surfaces (NIS), allows for estimation of the likely extent of the floods for a given 
channel’s current flood regime. Non-exceedance methods have become widely used by 
the Bureau of Reclamation for determining appropriate scales for dams and other flood 
management structures (Levish, 2002; England et al., 2010).   
When conducting paleoflood hydrology studies, the strategy is to go to the most 
likely locations where evidence of substantial flooding may be preserved (Jarrett and 
Tomlinson, 2000; Baker et al., 2002). In mountainous streams, gravel and boulder bars 
primarily make up paleoflood sediment records, although SWDs can be preserved in 
rare circumstances (Webb and Jarrett, 2002; Bodoque et al., 2015). HWMs can also be 
used for determining height of inundation, but only for more recent floods because they 
decompose quickly, particularly in humid climates (Webb and Jarrett, 2002). PSIs are 
found where they are able to be deposited and preserved, such as mouths of tributaries, 
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upstream of sudden channel expansions, downstream of bedrock flow obstructions, 
alcoves and channel-margin caves, and inside meander bends (Baker, 1987). When 
choosing a study site, one should use channels that are as uniform as possible (by slope, 
depth, width, velocity), with stable channels (bedrock reaches are best), and little 
aggradation or deposition (Jarrett and England, 2002; Webb and Jarrett, 2002). Jarrett 
and England (2002) recommend averaging three to six cross sections from independent, 
uniform reaches to reduce peak-discharge uncertainty. 
 
Figure 1.3. “Types of paleostage indicators (PSIs) and their relevance to water-surface 
elevations of paleofloods.” Source: Webb and Jarrett, 2002. 
Additionally, it is crucial to distinguish the difference between a water flood and 
debris flows in mountain watersheds, as debris flows are often mistaken for water flows 
in the field (Costa and Jarrett, 1981). This is important because indirect-measurement 
discharge calculations for floods are based on the assumption of Newtonian flow, which 
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is not applicable to debris flows and leads to overestimation of flood discharges. 
Moreover, debris flows have inherently different risks associated with them and require 
different risk management strategies.   
1.2.3.1.  Estimating Peak Discharge: The Critical-Depth Method 
The critical-depth method is a special case of the step-backwater method to 
estimate flood discharge (Chow, 1959; Barnes and Davidian, 1978; Jarrett, 1986). The 
critical-depth method is suggested for use in high-gradient streams (slope 0.01 m/m or 
higher) because flow in high-gradient streams is on average very close to critical flow 
(Froude number = 1) or slightly subcritical flow (Froude number <1), especially during 
large floods (Jarrett, 1984, 1986, 1987; Trieste and Jarrett, 1987; Grant 1997; Jarrett and 
Tomlinson, 2000; Jarrett and Tomlinson, 2002). This is because as channel slope 
increases, bed configurations and channel hydraulics cause a cyclical creation and 
destruction of bed forms and increasing energy losses, which limits water’s ability to 
flow supercritical (Froude number >1) for extended stream lengths and overall averages 
around critical flow (Grant, 1997). The ability to assume critical flow significantly 
simplifies calculations of stream discharge for high-gradient channels because there is 
no sensitivity to channel roughness and energy loss coefficients. Rather, discharge is 
only a function of channel geometry. A single cross-section can be used for 
computations of discharge with the critical-depth method, although several cross-
sections should be surveyed in the same reach and averaged to reduce error and 
uncertainty (Jarrett and England, 2002). 
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As described by Jarrett (1986, 2016), to compute peak discharge with the 
critical-depth method, PSIs are used at the cross-section to determine flood stage and 
the continuity equation is used: 
Q = A * v 
where Q = peak discharge in cubic meters per second (m3/s), A = cross-sectional area 
(width times mean depth, m2), and v = average streamflow velocity in meters per second 
(m/s), or the critical velocity. The equation for critical velocity is derived from the 
Froude Number Equation, which describes flow in open channels based on the ratio of 





Where Fr = 1 equals critical flow, Fr <1 equals subcritical flow, and Fr > 1 equals 
supercritical flow. When using the critical-depth method, critical flow is assumed (Fr = 
1), and v is determined by rearranging the Froude Number Equation, or: 
v = √𝑔 ∗ 𝑑 
where v = critical velocity, g = acceleration due to gravity (9.81 m/s2), and d = mean 
depth of flow in meters (m).  
1.2.4. Drainage Basin Morphometry 
Drainage basin hydraulic and morphometric characteristics are known to 
influence water and sediment yields in streams (Gardiner and Park, 1978; Abrahams 
1984; Zavoianu, 1985, Patton, 1988, Ritter et al., 1995). Important characteristics of 
consideration include: 1) drainage basin morphometry; 2) soils, particularly in relation 
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to infiltration rates; 3) geology in its relation to structure and terrain erodibility; 4) 
vegetation and its relation to erosion, infiltration, and surface detention; and 5) 
meteorologic and climatic conditions in relation to rainfall input (Horton, 1932, 1945; 
Patton, 1988). This study primarily focused on drainage basin morphometry. 
1.2.4.1. Drainage Basin Morphometry and Flooding 
The seminal works of Horton were first to study hydrologic characteristics of 
drainage basins quantitatively (Horton, 1932, 1945). His work was primarily focused on 
basin morphometry and soil characteristics related to infiltration, defining laws of 
drainage network composition (Patton, 1988). Since Horton’s research, several drainage 
basin morphometric characteristics have been studied in relation to discharge and flood 
magnitudes such as drainage area, drainage density, stream order, basin magnitude, 
bifurcation ratio, basin relief, main-channel slope, elongation ratio, etc. (e.g. Strahler, 
1952; Schumm, 1956; Shreve, 1966, 1967; Abrahams, 1984; Patton, 1988; Howard, 
1990; Moussa, 2003; Eze and Efiong, 2010; Bhatt and Ahmed, 2013; Meraj et al., 2015). 
No individual variable can be singled out as cause for discharge magnitude and timing 
for flood hydrographs, but area, relief, and length characteristics have been found to 
closely relate (Ritter et al. 1995). Work has been conducted on incorporating basin 
morphometric characteristics and their hydrologic storage and water transfer 
capabilities into runoff models known as geomorphic unit hydrographs, though with 
only partial success due to the complexity and stochasticity of interactions (Patton, 




Figure 1.4. “Idealized flood hydrograph and generalized responses to drainage basin 
characteristics. The effect of an individual characteristic is shown assuming the other 
characteristics are held constant.” Source: Ritter et al., 1995. 
In a study of four regions of the conterminous United States (Eastern, Central, 
Southern, and Western Regions), Thomas and Benson (1970) found drainage area and 
mean annual precipitation to be the most significant factors related to streamflow 
characteristics within each independent region. However, the relationship of drainage 
area is less significant when comparing basins across different climatic and 
physiographic regions (Gray, 1970; Patton, 1988). Patton and Baker (1976) found that 
in flash flood prone drainage basins smaller than 100 mi2, basin magnitude (total 
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number of first-order streams), ruggedness number, and drainage density are the best 
indicators of maximum floods.  
Costa (1987) conducted a study on the twelve largest flash floods in small basins 
of the conterminous United States and associated hydraulic and basin morphometry 
characteristics. Costa used paleoflood techniques to determine the maximum floods 
within each basin. Basin morphometric characteristics considered included elongation 
ratios, basin magnitude, basin slope, relief ratio, ruggedness number, and first-order 
channel frequency. A limiting curve of discharge versus drainage area was developed. 
All floods occurred in semiarid to arid regions even though these regions do not receive 
the greatest rainfall intensities; however, flooding intensity is suppressed by basin 
physiography in humid areas. In regard to basin characteristics of study, Costa found all 
basins were short, steep, and rugged with abundant exposed bedrock, which restricts 
soil and vegetation cover and leads to higher overland flow and runoff. In conclusion, it 
was neither solely favorable morphometric characteristics nor storm intensities causing 
high magnitude flooding, but rather an optimal coalescence of both factors.  
Pitlick (1994) studied five mountainous regions in the Western US, including 
the Colorado Front Range, where he compared peak flows, precipitation regimes, and 
basin physiography. Flood frequency curves were created for all five regions using an 
index flood method of each region. Pitlick found in the Colorado Front Range foothills 
the 100-year flood can be more than ten times larger than the mean annual flood, 
whereas in the alpine region the 100-year flood is closer to approximately two times the 
mean annual flood. This variability was largely due to the climate of the region. 
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Precipitation in semi-arid regions, such as the foothills region, is generally concentrated 
into individual storms; in snowmelt-driven or humid areas, like the alpine region, 
precipitation is usually dominated by frontal storms and slower rates of snowmelt and 
thus spread out over longer time periods. Pitlick also found drainage area and mean 
annual precipitation are the best predictors of flood magnitudes in all regions.  
Kohn et al. (2016) released a USGS scientific investigations report on peak-
streamflow regional-regression analysis for natural streamflow in Eastern Colorado, 
using paleoflood data and basin characteristics to improve their equations. Annual 
exceedance-probability (AEP) discharges were created for 188 stream gages. This study 
focused on streams throughout the eastern plains and foothills region. Seventy-two 
characteristics were analyzed, 57 basin characteristics and 15 climactic characteristics, 
which looked at various physical, precipitation, land cover, and soil data and 
morphometric characteristics of each basin. Including basin characteristics and dividing 
eastern Colorado into two separate hydrologic regions reduced errors in their AEP 
estimates.  
There have also been studies analyzing relevant basin characteristics associated 
with debris flows (e.g. Coe et al., 2003; Wilford et al., 2004; Ebel et al., 2015). For 
example, Ebel et al. (2015) studied correlations between slope aspect and soil saturation 
leading to debris-flow initiation during the 2013 Colorado Front Range Floods. They 
found southern facing slopes are more prone than northern facing slopes to becoming 
fully saturated during extreme precipitation. Soil saturation also correlated more with 
slope aspect than recent fire history. The importance of slope aspect is hypothesized to 
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be caused by regional atmospheric moisture movements, which frequently move into 
the region from the southeast towards the northwest; moisture is often brought to the 
region from southerly and southeasterly wind regimes from the Gulf of Mexico with 
generally uninterrupted fetch (Hansen et al., 1978; Mahoney et al., 2015; Ebel et al., 
2015). However, they did not directly study the importance of basin orientation, which 
is possibly affected by these moisture movement patterns as well. Wilford et al. (2004) 
used basin morphometry to determine basins more prone to debris flows versus water 
floods for 65 alluvial and colluvial fans in the mountainous terrain of west central 
British Columbia, Canada. Using a combination of watershed length and the Melton 
ratio, they created a model that highly accurately determined which basins were more 
prone to debris flows versus flood hazards.   
In recent years, GIS technologies have been utilized for basin morphometric 
analyses (e.g. Moussa, 2003; Angillieri and Yanina, 2008; Ozdemir and Bird, 2009; 
Marchi et al., 2010; Perucca and Angilieri, 2011; Youssef et al., 2011; Bhatt and 
Ahmed, 2013; Bajabaa et al., 2014; Meraj et al., 2015). The use of Digital Elevation 
Models, or DEMs, for watershed delineation and analysis are more efficient, less 
subjective, and more reproducible than manual, traditional methods using topographic 
maps by hand or field surveys (Tribe, 1992; Maidment and Djokic, 2000). Thus, their 
use has increased in recent years. However, it is important to note that the quality of 
resulting data is directly related to the quality and resolution of the input DEM or other 
data and raster-processing methodologies (Maidment and Djokic, 2000; Li and Wong, 
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2010). Overall, basin morphometric analyses have proven valuable for studying 
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1.3. Study Area 
1.3.1. Basins of Study 
The study area for this project consists of 20 tributary sub-basins of the South 
Platte River system along the Colorado Front Range, covering approximately 14,400 
km2. The area encompasses the headwaters at the Continental Divide down to the base 
of the foothills. The study area ends at the base of the foothills because streams change 
substantially geomorphically once they enter the plains. The South Platte River was 
divided into sub-basins based on locations of stream outlet points that occurred where 
there was a pronounced change in slope at the base of the foothills, or at the canyon 
mouth. This study included tributary watersheds with a drainage area greater than 20 
km2.  
1.3.1.1. Physiographic Characteristics  
The headwaters of the South Platte River tributaries are located on the eastern 
slope of the Rocky Mountains and flow to the Great Plains along the Colorado Front 
Range. Most channels are characterized by steep, narrow, bedrock canyons with 
channel beds composed of coarse-sand to boulder sized clasts and slopes greater than 
one percent. This area has a substantial elevation range of more than 2,800 meters, with 
the highest peaks 4,300 meters above mean sea level or higher, down to approximately 
1,500 meters above mean sea level at the base of the foothills. The upper region was 
glaciated during the Pleistocene, though not all sub-basins have headwaters high enough 
to have been impacted by prior glaciation (Pierce, 2003). The region predominately 
contains thin soils on top of Precambrian crystalline bedrock (mostly granitic and 
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gneissic), with a short stretch of sedimentary bedrock at the base of the foothills 
(Birkeland et al., 2003). 
1.3.1.2. Hydrometeorology and Flooding 
The steep mountain front has a substantial influence on the hydrometeorology of 
the region (Hansen et al., 1978; Moody, 2016).  The climate is generally categorized as 
continental semi-arid, but climate varies drastically with elevation, from mid-latitude 
steppe in the plains to alpine tundra at the peaks (Hansen et al., 1978). Additionally, the 
mountainous terrain leads to microclimates due to variation in exposure on different 
slope aspects. Together elevation and exposure greatly influence the climatology and 
meteorology of the region. The Rocky Mountains also form a barrier to atmospheric air 
mass movements, affecting the regional climate as air masses are blocked or deflected. 
Figure 1.6. shows main sources of moisture for the region and direction of flow towards 
the Front Range.  
Furthermore, above 2,300 meters in elevation, snowmelt dominates and rainfall 
does not contribute significantly to runoff in the region (Jarrett, 1987b). Below 2,300 
meters, rainfall dominates runoff and produces significantly higher stream discharges 
than above this elevation, as additionally noted by Pitlick (1994). Thus, large-magnitude 
floods are rare above 2,300 meters, while below this elevation channels experience 
numerous large magnitude floods (Jarrett, 1987b).  This relationship is dependent on 
latitude, and the value of this rainfall-flood elevation line varies north or south of this 
region. In recent years there has been some debate whether this elevation limit will 
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change in height with climate change (Klos et al., 2014; Kampf and Lefsky, 2016), but 
the key concepts still hold true today. 
 
Figure 1.6. Source: Paulson et al., 1991. 
The primary components that determine a storm’s potential to cause flooding are 
precipitation intensity, storm duration, and storm area (McKee and Doesken, 1997; 
Mahoney et al., 2015). The Colorado Front Range is prone to three types of flooding, 
generally from May to October, though flooding is possible year-around (see table 1.1.; 
Jarrett and Costa, 1988; Kistner and Ashby, 1991; Jarrett and Costa, 2006; Mahoney et 
al., 2015). First, flash flooding tends to occur in the spring or summer months due to 
small, intense thunderstorms. Historically, these are the most prevalent type of flood in 
the region, especially in relation to extreme flood magnitudes. The other two types of 
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floods have been much less common and usually less severe. The second type of floods 
are associated with frontal activity with longer duration, lower intensity precipitation, 
which tend to occur through September and October leading to more regional type 
flooding. Third, snowmelt can also cause flooding, though usually these events are not 
as large in magnitude as the other two types unless coinciding with rainfall.  
Unfortunately, when, where, and how much rain will fall is difficult to 
accurately predict and prepare for in the Colorado Front Range due to high variability. 
For instance, as a semi-arid region the Colorado Front Range typically receives 430-480 
mm of precipitation per year, but historical records indicate that a year’s worth of 
rainfall can occur in 24-hours or over a few days (Kistner and Ashby, 1991; Gochis et 
al., 2015; Yochum, 2015). Furthermore, historical documentation indicates that every 
large Colorado watershed has experienced large magnitude flooding (Jarrett and Costa, 
1988; McKee and Doesken, 1997; Jarrett and Costa, 2006; CDEM, 2011). While these 
events may occur infrequently in one particular area, when all hundreds of streams in 
the state are considered, 20-30 large magnitude floods ensue somewhere in Colorado 
each year (CWCB and CDEM, 2013). Consequently, high magnitude flooding poses a 




Figure 1.7. “Floods on major streams of the Front Range Urban Corridor, 1864-1976” Source: 
Hansen et al., 1978. 
Flash floods have historically been the most prevalent type of floods in the 
Colorado Front Range, caused by single-day, afternoon convective thunderstorms 
(Gochis et al., 2015; Mahoney et al., 2015). However, the 2013 Front Range Floods, 
which were the largest floods of record for the hardest hit areas and could be considered 
the “flood of the Holocene,” were an unusual meteorological and flooding event for the 
region (Gochis et al., 2015).  This event occurred in early fall, with heavy precipitation 
over a longer duration and larger spatial extent than normal, leading to more regional 
type flooding. While the 2013 Front Range Floods were an extraordinary event 
compared to historical trends, there are currently still debates about the role of climate 
change on the 2013 event and how likely similar events will be in the future (e.g. 
Hoerling et al., 2014; Trenberth et al., 2015). It is possible that the region is entering an 
unprecedented, or “no analogue,” flood regime, which further emphasizes the need for 
more research related to driving mechanisms.  
1.4. Research Questions 
This study seeks to answer the following questions: 
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• Which morphometric characteristics of drainage basins are most important 
in relation to extreme flood magnitudes in the South Platte Tributaries of 
the Colorado Front Range? 
o R1: What is the prior observable maximum flood peak discharge (Q-
max) for each study basin? What are the historic flood peak discharges? 
o R2: What are the values of drainage basin morphometric characteristics 
for each study basin? 
o R3: Which drainage basin morphometric characteristics are most related 
to extreme flood magnitudes in the study area? 
1.5. Summary 
This study analyzed morphometric characteristics of several drainage basins and 
how they relate to extreme flooding in the Colorado Front Range. Part I collected data 
on maximum flood magnitudes by compiling historic records and conducting 
paleoflood analyses. While some basins already had paleoflood data available from 
previous research, this study generated paleoflood data on the maximum flood 
discharge for several basins.  
Part II consisted of a basin morphometric analysis to delineate and quantify area, 
relief, slope, shape, and stream type characteristics for each basin. A methodology for 
conducting basin morphometric analyses was generated that could be applicable to 
other regions. In conclusion, morphometric characteristics were compared to flood 
magnitudes, and characteristics that most relate to extreme flooding for several South 
Platte River tributary basins in the Colorado Front Range were determined. Results will 
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hopefully assist in flood risk management for the region. Methods, results, analysis and 
discussion, and concluding remarks for this study are discussed as follows: 
Chapter two reviews methods for determining morphometric characteristics and 
their relation to extreme flood magnitudes. This includes a paleoflood and historic 
analysis (section 2.1.), where historic data was compiled and paleoflood investigations 
conducted to determine maximum flood discharges for each basin. Section 2.2. 
discusses methods for the basin morphometric analysis and how morphometric 
characteristics were delineated and quantified. Finally, methods for the statistical 
analysis comparing flood magnitudes to basin characteristics (section 2.3.) is reviewed.  
Chapter three assesses results for the paleoflood and historic analysis (section 
3.1.), basin morphometry analysis (section 3.2.), and statistical analysis (section 3.3). 
This study found drainage area under 2,300 meters elevation, total drainage area, area of 
basin with slopes greater than 30 percent, total stream length, number of streams, basin 
magnitude, relief ratio, basin relief, basin length, and basin orientation to be the most 
important characteristics associated with extreme flooding for this region. Additionally, 
the Upper South Platte River basin was found to be an outlier in some physical 
characteristics, which are suppressing flood magnitudes in the basin.  
Chapter four discusses the final analysis results in more detail, with a discussion 
of likely physical mechanisms behind correlations. Possible explanations of physical 
mechanisms responsible for low flood magnitudes experienced in the Upper South 
Platte River were also examined. To conclude, a summary and recommendations for 






This chapter discusses methods for this research, starting with methods for the 
paleoflood and historic discharge analysis (section 2.1.), basin morphometric analysis 
(section 2.2.), and statistical comparison of prior maximum flood discharges to basin 
morphometric characteristics (section 2.3).  
2.1. Paleoflood and Historic Discharge Analysis Methods 
The purpose of part I of this project was to determine maximum observable 
flood discharges for each basin (referred to as Q-max). This was done by compiling 
historic and paleoflood data that already existed and supplementing this data with field-
based paleoflood analyses where necessary (See Table 2.1.).  
Some basins already had data on the maximum flood discharge by previous 
studies or it was not feasible to collect new paleoflood data due to significant 
anthropogenic disturbance to channel geometry and/or PSIs and HWMs. These include 
the Cache La Poudre River (USGS Lakewood Office Documents), Big Thompson River 
(Jarrett and Costa, 1988), Boulder Creek (Follansbee and Sawyer, 1948), South Boulder 
Creek (Follansbee and Sawyer, 1948), Tucker Gulch (Follansbee and Sawyer, 1948), 
Bear Creek (Grimm, 1993; Grimm et al., 1995), and Turkey Creek (Grimm, 1993; 
Grimm et al., 1995). All other basins of study required paleoflood analysis to determine 
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the largest flood magnitude. Paleoflood fieldwork was conducted over the course of 
approximately six months throughout summer and fall of 2017.  
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Table 2.1. Paleoflood analysis for study: Basins in gray – Q-max already determined by 
previous studies; Basins in black – paleoflood study required; * Some paleoflood data did 
exist, but paleoflood work was conducted in this study or from unpublished works by Jarrett. 
See section 2.1.1.  
2.1.1. Historic Flood Record Compilation 
Initially, historic data were compiled to determine the largest flood of record for 
each basin. There are varying lengths of historic discharge data available throughout the 
region. Most flood data were already compiled by the USGS in an online database 
(Kohn et al., 2013), though some additional flood records were found through other 
sources including the USGS and UDFCD stream gauge records, and other government, 
academic, and private consulting publications.  
While it was beyond the scope of this project to re-check the accuracy of all 
historic flood records for the study area, some records were excluded from this study 
based on questionable discharge calculations by past investigations. Some older, 
indirect measurement discharge records in the study area have been found likely 
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inaccurate due to incorrect n-value, or Manning’s roughness coefficient, designation for 
higher gradient streams, which often leads to overestimation of discharges (Jarrett, 1985, 
1986, 1987a, 1994). Newer knowledge of n-value estimation (Jarrett, 1984, 1985) has 
now shown that n-values were often underestimated for these higher gradient streams 
prior to about 1980 in this region.  
While these likely overestimated discharge estimates still exist in official 
government flood records, the 1888 Clear Creek flood (estimated 256 m3/s), 1896, 1933, 
and 1938 Bear Creek floods estimates (estimated 176 to 244 m3/s), and 1938 Mount 
Vernon Creek flood (estimated 261 m3/s), were excluded from this study and the 1948 
Tucker Gulch flood (estimated 328 m3/s) was reanalyzed and included with adaptation 
for this reason. Paleoflood analyses were re-done on Mount Vernon and Clear Creek in 
this study due to uncertainties based on the exclusion of the largest historic record 
discharge for incorrect n-value designation in discharge calculations. Also, the 
paleoflood estimate of 1,420 m3/s by Baker (1974) for Clear Creek likely corresponds to 
glacial melting and not the modern climate regime. For Bear Creek, the Grimm (1993) 
and Grimm et al. (1995) estimate of 113 m3/s was used as the maximum flood discharge 
because this analysis found older indirect measurements to be too large. This is 
discussed further in the results section (section 3.1.1.). 
2.1.2. Paleoflood Reconnaissance Work 
The summer of 2017 primarily was used for field reconnaissance for basins that 
required paleoflood analysis. At this time of year, foliage is most dense and waters are 
highest due to increased snowmelt runoff, which makes surveying cross-sections 
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difficult or dangerous. Thus, the summer was used for field reconnaissance work to 
determine the best study sites for paleoflood analysis. The goal of field reconnaissance 
was to find PSIs and determine appropriate reaches for analysis within each basin. As 
previously noted, appropriate reaches include channels that are as uniform as possible, 
have stable channels with little aggradation or deposition, and contain PSIs, SWDs, 
and/or HWMs (Jarrett and England, 2002; Webb and Jarrett, 2002).  As recommended 
by Jarrett and England (2002) three to six cross-sections from independent, uniform 
reaches were selected to reduce peak-discharge uncertainty. Though only one study site 
was chosen for each basin to conduct paleoflood analyses, each basin was visited from 
the outlet point to about 2,300 meters elevation at multiple locations for reconnaissance 
work to determine the best site and take into account flooding throughout the basin.  
Another goal for choosing paleoflood sites was to conduct estimates as close to 
the watershed outlet as possible in order to include most of the catchment area in the 
analysis and because the lower region is most susceptible to large magnitude 
precipitation and unit discharges. However, accurate PSIs and HWMs do not exist 
consistently along entire watersheds as they are only preserved in certain areas (see 
section 1.2.3.) and accurate estimates can only be conducted where humans have not 
disturbed the landscape. If PSIs, SWDs, or HWMs have been moved, destroyed, or 
channel geometry altered by anthropogenic disturbance, then they are no longer 
representative of past flood magnitudes. The study area included a large proportion of 
protected public lands that were less impacted by anthropogenic interference of PSIs, 
SWDs, HWMs and channel geometry. Nevertheless, anthropogenic disturbance was the 
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greatest obstacle to finding usable study sites for paleoflood analysis. Thus, some 
paleoflood study sites were located further upstream than the outlet point, where usable 
sites were discovered. In some cases, a research permit or permission from private 
property owners was required to access study areas. Some sub-basins did not have 
feasible areas for paleoflood analysis due to lack of PSIs or HWMs, heavy 
anthropogenic development and disturbance, or due to known large dam failure 
flooding that destroyed accurate PSIs or HWMs for natural flooding, in which case 
historic flood records were used for analysis. 
2.1.3. Paleoflood Discharge Data Collection 
Once field reconnaissance was completed, paleoflood surveys were conducted 
on selected reaches to determine the maximum flood discharge. To do so, the critical-
depth method was used because most streams in the Colorado Front Range have a slope 
of one percent or larger. A couple sites used an adjusted Froude Number where critical 
flow could not be assumed due to slopes slightly less than one percent or dense 
vegetation on the banks. Discharges were initially measured and calculated in cubic feet 
per second (ft3/s) because all historic records for the region are in ft3/s; however, for the 
final analysis all discharges were converted to the metric system, or cubic meters per 
second (m3/s). A Nikon DTM total station was used to collect cross-section data, which 
was used to estimate peak discharge. Some observational data were also collected, 
including photographs and notes about streambed and floodplain characteristics such as 
types of PSIs observed, rough clast sizes, bedload material, etc. See section 1.2.3. for 
further discussion of paleoflood methods. 
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For each site, Q-max was determined, which is the maximum flood discharge 
based on calculations from the highest evident PSIs, HWMs, or SWDs. For some sites, 
Q-NIS, or the discharge associated with the non-inundation surface (NIS), and Q-2013, 
or the 2013 Front Range Floods discharge, was also determined. Only Q-max values 
were used in the statistical comparison to basin morphometric characteristics for this 
study, but Q-NIS and Q-2013 values are reported for basins where these values were 
able to be determined. Calculating Q-NIS and Q-2013 values where possible in addition 
to Q-max allowed for further quality check of paleoflood discharge calculations 
compared to historic and other previous paleoflood data. Particularly, numerous indirect 
discharge measurements calculated after the 2013 floods throughout the region were 
available for comparison. In some basins, the 2013 floods were the largest floods 
evident through observable PSIs or HWMs, in which case Q-max would equal Q-2013. 
In other instances, there was not enough evidence to determine Q-NIS or Q-2013. 
While no absolute dating techniques were used in this study to verify plausible 
Q-2013 indicators, Q-2013 values are identified as very likely indicative of the 2013 
Front Range Floods. Relative dating techniques (Jarrett and Tomlinson, 2000) and a 
review of the flood history were used to determine if PSIs and/or HWMs were from the 
2013 event. Additionally, Jarrett, who aided most field work conducted for this study, 
was involved in many of the original 2013 flood estimates immediately after the event 
and is consequently very familiar with this event and its PSIs and HWMs. Therefore, 
there is high confidence in the identification of PSIs and HWMs for the 2013 floods in 
several basins in proximity to the hardest hit region of this event.   
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2.2. Basin Morphometry Analysis Methods 
In comparison with the maximum flood discharge for each basin, a 
morphometric analysis was conducted with ArcGIS to delineate and quantify relevant 
watershed characteristics. Table 2.2. lists morphometric characteristics of study. 
Abbreviation Morphometric Characteristic of Study Units 
 A Drainage Area  km2 
 A2300 Drainage Area Below 2300 m km
2 
 A%2300 Percentage of Drainage Area Below 2300 m % 
 O Basin Orientation degrees 
 P Basin Perimeter km 
 E Mean Elevation m 
 H Basin Relief m 
 Rr Relief Ratio ratio 
 Rn Ruggedness Number ratio 
 Smax Max. Basin Slope degrees 
 Smean Mean Basin Slope degrees 
 S>30% Area of Basin with Slopes > 30% Km
2 
 S>30%per Percent Area of Basin with Slopes > 30% % 
 LB Basin Length km 
 lo Length of Overland Flow km 
 Re Elongation Ratio  ratio 
 Rc Circularity Ratio  ratio 
 Hc Hypsometric Index ratio 
 Rf  Basin Shape/Form Factor  ratio 
 Lmean Average Stream Length m 
 Ltotal Total Stream Length km 
 RL Length Ratio ratio 
 F Stream Frequency number 
 M Basin Magnitude number 
 F1 First-Order Channel Frequency ratio 
 N Total No. of Streams number 
 D Drainage Density ratio 
 Rb Bifurcation Ratio  ratio 
Table 2.2. Basin morphometric characteristics of study. 
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This study focused on morphometric characteristics of watersheds. It was 
beyond the scope of this study to include additional physiographic characteristics, but 
other characteristics such as land use/land cover, soils and geology, hydrometeorology, 
and fire history information would be beneficial for further analysis in future studies as 
these characteristics also influence flood regimes.  
2.2.1. Data Sources 
Most watershed morphometric characteristics can be delineated from a Digital 
Elevation Model (DEM) raster. A 10m x 10m DEM was available for the entire study 
area from the USGS National Elevation Dataset (NED), which was used to delineate 
most basin morphometric characteristics of interest. Some characteristics were 




USGS files downloaded from National Map TNM Download V1.0 
(https://viewer.nationalmap.gov/launch/): 
DEM Files:  
• USGS NED n39w105 1/3 arc-second 2013 1 x 1 degree ArcGrid 
• USGS NED n39w106 1/3 arc-second 2013 1 x 1 degree ArcGrid 
• USGS NED 1/3 arc-second n40w105 1 x 1 degree ArcGrid 2015 
• USGS NED 1/3 arc-second n40w106 1 x 1 degree ArcGrid 2015 
• USGS NED 1/3 arc-second n41w105 1 x 1 degree ArcGrid 2015 
• USGS NED 1/3 arc-second n41w106 1 x 1 degree ArcGrid 2015 
• USGS NED n42w106 1/3 arc-second 2013 1 x 1 degree ArcGrid 
• USGS NED n40w107 1/3 arc-second 2013 1 x 1 degree ArcGrid 
• USGS NED n39w107 1/3 arc-second 2013 1 x 1 degree ArcGrid 
USGS National Hydrography Dataset (NHD) Best Resolution 20170504 for State or 
Territory FileGDB 10.1 Model Version 2.2.1 
• WBDHU8 Watershed Boundaries 
• NDH Flowlines  
University of Denver GIS Datalibrary: 
USGS Topo 7.5-minute Maps 
Table 2.3. Basin morphometry analysis data sources. 
The USGS NHD files and USGS topographic maps were not used for actual 
analysis, but for reference in the watershed and stream delineation process (see section 
2.2.3.).  
2.2.2. GIS Analysis Parameters 
ArcGIS 10.4.1 products were used for the GIS analysis. To begin, all files were 
projected to UTM NAD83 13N, using nearest neighbor, with a cell size of 10x10 meters. 
Figures from the analysis process are provided in the appendix section. Because the 
study area is so large, nine separate DEM 1/3 arc-second tiles were downloaded and 
stitched together with a raster mosaic before beginning analysis.  
35 
 
2.2.3. Watershed and Stream Delineation  
A standard approach was used to delineate watersheds and streams from the 
DEM raster (e.g. Maidment and Djokic, 2000). The USGS NHD files and USGS 
topographic maps were used for reference in the watershed and stream delineation, but 
sub-basins and channel networks were delineated directly from the DEM to maintain 
consistency between delineations and rasters used for basin morphometric analyses. 
 
Figure 2.1. Stream delineation process. 
To cut down on processing time, the WBDHU8 shapefile (NHD dataset) South 
Platte River sub-basin boundaries were used to clip off areas of the DEM mosaic that 
were far outside the possible extent of the study area. However, if the WBDHU8 
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watershed boundaries were not delineated off the exact same DEM file there could be 
small differences in the delineation, so a 10-kilometer buffer was used around the 
WBDHU8 polygons to ensure that none of the study area was cut off for delineations. 
This buffered version of the WBDHU8 South Platte watersheds was used to clip excess 
area outside the study area off the DEM mosaic using the extract by mask tool. There 
were some small areas inside the 10-kilometer buffer where downloaded DEM layers 
did not cover the entire area, so these areas were manually checked against the NHD 
files and found to unquestionably fall outside of the possible watershed study extent or 
another DEM tile for the missing area was added.  
Using the clipped DEM of the study area, a standard watershed and stream 
delineation process was followed. First, all sinks in the DEM were “filled,” using the 
fill tool. Sinks are cells lower than any of its surrounding cells. Sinks cause problems in 
the flow direction and flow accumulation functions because they are based off the 
assumption that water always flows downhill (Maidment and Djokic, 2000). 
Consequently, the software cannot process water flowing uphill out of sinks, and so 
they need to be eliminated before beginning the stream and watershed delineation. 
Sinks are often considered errors from the DEM creation or interpolation process, 
although natural sinks are possible.  
After a fill was performed, the flow direction tool was used 
to calculate the direction water flows from each cell. Flow direction 
is calculated using the D8 method, which looks at each cell across 
the entire extent and determines which neighboring cell each 
Figure 2.2. Source: 
Esri, Inc., n.d. 
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individual cell will flow into (Fairfield and Leymarie, 1991; Maidment and Djokic, 
2000). Each cell is given a coded value of 1, 2, 4, 8, 16, 32, 64, or 128 which indicates 
which direction the cell will flow (see figure 2.2.).  
After flow direction, flow accumulation was calculated using the flow 
accumulation tool, which determines the number of other cells that will accumulate into 
each individual cell. Areas with the most accumulation are where streams occur. The 
cutoff number of cells of water accumulation to be considered a stream is not standard 
across all watersheds and must be manually selected based off natural stream formation 
in the area of study. For this study, a flow accumulation of 1,000 cells was chosen to be 
considered a stream based off a comparison of the flow accumulation raster delineated 
from the DEM to the NHD flowline and USGS topographic map stream delineations; 
these sources are the most accurate available representations of stream delineation to the 
actual streams in the study area. While the DEM delineated streams did not match 
perfectly with either source, the number 1,000 was found to be the closest 
representation of the DEM derived streams compared to the NHD flowline and USGS 
topographic map streams. In other words, because each cell represents ten square meters 
of area, 1,000 cells would equal one square kilometer of drainage area for stream 
formation to begin. These cells were isolated into a separate raster using a conditional 
statement in the raster calculator.  
Next, the stream link tool was used to create an individual identifier for each 
stream segment between stream junctions. This allows for streams to be ordered using 
the Strahler or Shreve Stream Ordering Systems. For this study, Strahler stream 
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ordering was used because it is the most commonly used stream ordering system in 
other morphometric analysis studies. Finally, the stream to feature tool was used to 
create final stream delineations.   
 
Figure 2.3. Watershed Delineation Process. 
Watersheds were calculated by manually adding outlet points, or pour points as 
they are called in ArcMap, and then using the Watershed tool. As described in section 
1.3., the outlet point of each watershed was chosen based on the location of the canyon 
mouth at the base of the foothills, which was determined by finding a prominent break 
in slope at the base of the foothills from a DEM generated slope layer. Using the snap 
pour point tool, outlet points are “snapped” to the flow accumulation raster to make sure 
points are placed directly on a cell that is part of the main channel and not next to the 
stream. The “snapped” outlet points and flow direction raster are then inputted into the 
watershed tool to calculate final watershed delineations. Only watersheds with a 
drainage area greater than 20 km2 were included in this study because it was beyond the 
scope of this project to include a greater number of watersheds.  
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2.2.4. Basin Morphometric Analysis 
Once streams and watersheds were delineated, a basin morphometric analysis 
was conducted in ArcMap and Google Earth to delineate and quantify several 
morphometric characteristics of each sub-basin. Some characteristics were simple to 
determine values by generating statistics or attributes using built-in functions of ArcGIS 
such as zonal statistics, clip, or extract by mask tools. Other characteristics required 
additional steps to delineate. The following sections describe steps for more 
complicated characteristics to delineate and quantify. A full description of basin 
characteristics’ formulas and explanations are provided in the appendix. 
2.2.4.1. Stream Ordering 
Stream ordering refers to the hierarchical rank of a stream position within the 
drainage basin (Horton, 1945; Strahler, 1957, 1964). While ArcMap does have a built-in 
function to calculate appropriate stream orders for each stream segment, the way the 
stream link tool splits streams into segments (separating segments at every junction 
point) does not correctly correspond to the way streams are segmented for stream 
ordering in hydrology (see figures 2.4. and 2.5.). In ArcMap the number of streams per 
order is overestimated in many cases. Therefore, additional steps were necessary to 




Figure 2.4. Correct stream segmentation delineation for stream ordering example. 
 
 
Figure 2.5. Incorrect ArcMap stream segmentation example. ArcMap identified an extra 




To correctly determine the number of streams in each stream order, the 
following steps were taken:  
 
Figure 2.6. Stream ordering segmentation delineation process. 
The process in figure 2.6., created in collaboration with S. Jones (personal 
communication S. Jones, 2017), corrected most errors in segmentation of streams for 
stream ordering. However, a manual check of stream segmentation was still necessary 
because anytime two lower order streams of the same order met at the same location 
onto a higher order stream, it would introduce a segmentation in the higher order 
stream; a new segment should only be introduced when the two highest order streams 
meet (see figure 2.7.). A manual check was conducted to find and correct these errors. 





Figure 2.7. Example of segmentation error that occurs when two lower order streams meet a 
higher order stream at the same location, causing a segmentation error that must be manually 
corrected. In the above example, there should only be one segment for the 3rd order stream, 
rather than two; a new segment should not occur until a 3rd order stream meets another 3rd 
order stream to create a 4th order stream. 
2.2.4.2. Basin Orientation 
Basin orientation refers to the average orientation of the watershed in relation to 
the main channel towards the canyon mouth/outlet point, which was calculated using 
the stream linear directional mean tool. This tool takes the average value of a set of 
lines to calculate mean direction, length, and geographic center. This may not always be 
an appropriate tool for determining basin orientation for different regions outside this 
study area. However, because the study area has a fairly uniform, dendritic channel 
network pattern, the tool worked well in this case. Resulting direction values for each 
sub-basin closely followed the main channel orientation towards the canyon mouth. 
Because all watersheds flow from west to east in this area, resulting cardinal directions 
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were limited from 0-180 degrees. Values indicate the orientation of basins in an east 
direction, only varying by how far north or south each basin is oriented. Values from 0-
90 degrees indicate a more northerly orientation and values from 90-180 degrees 
indicate a more southerly orientation. 
2.2.4.3. Hypsometric Curve and Integral 
Hypsometric curve refers to the dimensionless curve that relates the distribution 
of elevation to area of the basin; the hypsometric integral represents the amount of area 
under the hypsometric curve (Strahler, 1952). While there is no built-in function in 
ArcMap for calculating hypsometric curves and integrals, Perez-Pena et al. (2009) have 
created an easy to use extension for ArcMap called CalHypso to do so. This program 
was used to generate hypsometric curves and hypsometric integrals for analysis. See 
Perez-Pena et al. (2009) for a thorough explanation of CalHypso calculations.  
 
Figure 2.8. (Left) “Figure of reference in percentage hypsometric analysis.” (Right) “The 
percentage hypsometric curve” (Strahler, 1957). 
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2.2.4.4. Basin Length 
ArcMap is able to calculate the length of a polygon, but it does not follow the 
correct delineation according to hydrologic principles. In hydrology, basin length is 
defined as the length of the basin from the outlet point following the main channel to 
the furthest point of the basin (Strahler, 1957), while the polygon length tool in ArcMap 
calculates the longest point across a polygon irrespective of the outlet point or main 
channel orientation. In studies before GIS technologies were widespread, topographic 
maps were used to manually determine basin length according to this definition (e.g. 
Schumm, 1956; Strahler, 1957). A similar manual delineation was used in this study 
using Google Earth. Drainage basin boundaries were uploaded into Google Earth and 
the measurement tool was used to manually delineate basin length based on the basin 
outlet and main channel orientation.  
2.3. Statistical Analysis of Maximum Flood Discharge Versus Basin 
Morphometric Characteristics Methods 
Once all calculations for maximum flood discharges and basin morphometric 
characteristics were complete, a statistical analysis was conducted to determine which 
morphometric characteristics most relate to extreme flooding. Statistical calculations 
were conducted using JMP Pro 13 software. Basin morphometric characteristics were 
compared to Q-max and unit discharge values (Q-max divided by drainage area). 
To begin, scatter plots were generated for each morphometric characteristic 
compared to Q-max and unit discharge to visually assess relationships. A correlation 
matrix was then conducted to determine correlations in the data. However, because the 
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correlation matrix is based on linear regression, which only finds correlations with 
linear trends, regression tree and random forest methods were also used to account for 
non-linear trends and to assess the data in another manner. Regression tree and random 
forest methods determine significant relationships by finding which characteristics are 
the best fit or chosen most frequently for tree splits by the analyses. 
For this study, further consideration of p-values was necessary to ensure 
significance of results because this analysis had more exploratory variables (basin 
morphometric characteristics) than the sample size number (number of sub-basins); this 
can cause an inflation of the alpha level (Abdi, 2010). The Holm Bonferroni correction 
was used to account for this, which makes the alpha level more stringent. The Holm 
Bonferroni is calculated by: 
𝑇𝑎𝑟𝑔𝑒𝑡 𝐴𝑙𝑝ℎ𝑎 𝐿𝑒𝑣𝑒𝑙
𝑛 − 𝑟𝑎𝑛𝑘 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝𝑎𝑖𝑟 + 1
 
where n = number of tests; rank is determined by the degree of significance of original 
p-values from lowest to highest; and a target alpha level of 0.05 was used. Resulting 
values do not replace original p-values but are used as a comparison to determine 
significance. Starting with the first-ranked, or smallest p-value, the resulting Holm 
Bonferronni value is compared; if the original p-value is smaller than the Holm 
Bonferonni value, then the null hypothesis is rejected. This is repeated for each next 
rank until the Holm Bonferonni value is larger than the original p-value, in which case 
all subsequent hypotheses are non-significant because the null hypothesis cannot be 
rejected. For this analysis, high correlations in addition to significance with the Holm 
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Bonferonni method were necessary to deem morphometric characteristics highly-related 
to flood magnitudes.  
2.4. Summary 
To determine morphometric characteristics most related to extreme flooding for 
the study area, a historic and paleoflood analysis and a basin morphometric analysis 
were conducted. Historic flood discharge data was compiled and then supplemented 
with further paleoflood investigations to determine Q-max. The critical-depth method 
was used to determine discharges. A basin morphometric analysis was done in ArcMap, 
using a DEM to delineate several morphometric characteristics.  Resulting Q-max and 
unit discharges were compared to morphometric characteristics using a statistical 
analysis. The statistical analysis consisted of a correlation matrix, regression trees, and 
random forest methods to determine which characteristics are most correlated to 
extreme flooding for the study area.  The Holm-Bonferonni correction was used to 







This chapter describes results of the paleoflood and historic analysis (section 
3.1.), basin morphometry analysis (section 3.2.), and statistical analysis of maximum 
flood discharges versus basin morphometric characteristics (section 3.3.). Additional 
tables and figures are provided in the appendix section. 
3.1. Paleoflood and Historic Discharge Results 
For each basin, previous paleoflood studies and historic data were compiled to 
determine the maximum flood discharge of record. Paleoflood studies were conducted 
where gaps in the data existed to determine Q-max and unit discharges for the study 
area.  
3.1.1. Historic Flood Record Compilation Results 
Historical records were compiled to determine the largest peak discharge of 
record for each basin. This includes gauge records, previous indirect measurements, and 
paleoflood studies. Table 3.1. shows a compilation of the largest flood discharge of 
record for each basin at the beginning of the study. This includes historic data and 
indirect measurements from previous studies. Most of the largest flood discharges in the 
record were obtained by indirect measurements after the flood occurred and used slope-




Table 3.1. Historic compilation results. *See below for discussion of excluded historic values. 
Values in grey are the next largest values available with exclusions. See table 2.1. for sub-basin 









































































































































































































































































































































































































































































































































































































































































































































































































As noted in section 2.1.1., older indirect discharge calculations for Clear Creek’s 
1988 Flood, Bear Creek’s 1896, 1933, and 1938 Floods, Tucker Gulch’s 1948 Flood, 
and Mount Vernon Creek’s 1938 Flood were reanalyzed due to likely underestimated n-
values, leading to overestimation of discharge computations (Jarrett, 1985, 1986, 1987, 
1994). Records for Clear Creek and Bear Creek were excluded for this reason, and the 
next highest available record of peak-discharge is shown in table 3.2. in grey. The 113 
m3/s discharge value from Grimm (1993), Grimm et al. (1995) was used in this analysis 
for Bear Creek. New paleoflood data were collected for Clear Creek and Mount Vernon 
Creek (discussed in sections 3.1.2.7. and 3.1.3.4.). 
Similar concerns existed for Tucker Gulch’s 1948 Flood (328 m3/s), as it had a 
potentially suspect slope-area estimate due to the age of the estimate and because the 
estimate had a large unit discharge (14.2 m3/s/km2) compared to all other Q-max unit 
discharges in the study area (see table 3.3.). Jarrett (1994) addressed this issue with 
revised n-value calculations and a new discharge estimate of 184 m3/s. When multiple 
discharge estimations exist for the same flood, as in this case, it is best practice to 
average estimations. It was therefore decided to average the 1948 slope-area calculation 
and the newer calculation using Jarrett’s n-value to estimate discharge, resulting in a 
revised estimate of 256 m3/s.   
A few other sites also had multiple indirect measurement estimates from various 
sources for the same flood; in these cases, values were averaged to determine the 
discharge value. The North Saint Vrain Creek Watershed had two discharge estimates 
above Lyons from the 2013 Floods from Jarrett (UDFCD, n.d.) of 348 m3/s and Moody 
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(2016) of 385 m3/s, which averaged to 366 m3/s. Left Hand Creek had three discharge 
estimates for the 2013 Floods near Buckingham Park from Jarrett (UDFCD, n.d.) of 
99.7 m3/s, Pitlick (2015; personal communication, 2017; referenced in Moody, 2016) of 
225 m3/s, and Moody (2016) of 199 m3/s, for an average of 175 m3/s. 
3.1.2. Paleoflood Studies Results 
The following sections describe the paleoflood analysis results for sub-basins 
where additional paleoflood investigations were conducted. Additional photographs and 
discharge calculations are provided in appendix one. Paleoflood results are discussed in 
order of sub-basins from north to south of the study area. Table 3.2. summarizes results 





Table 3.2. Paleoflood analysis results. Values in bold indicate the highest Q-max value. See 






























































































































































































































































































































































































































































































































































































































































































































































































3.1.2.1. Little Thompson River 
 
Figure 3.1. Upstream view of Little Thompson River site. 
The Little Thompson River watershed is 262.4 km2, with the basin outlet located 
near Berthoud. Paleoflood investigations were conducted at Parrish Ranch at the mouth 
of the canyon. Prior to this study, the largest flood of record was the 2013 Front Range 
Floods, with an indirect discharge measurement of 453 m3/s from after the event, 
conducted considerably further upstream in the basin from the outlet (Yochum, 2015). 
Five cross-sections were surveyed in a reach that was fairly uniform and straight, with a 
slight downstream constriction. Paleoflood indicators largely consisted of breaks in 
slope on left and right banks and 2013 woody debris (HWMs) on right bank. Paleoflood 
analysis resulted in a Q-max of 484 m3/s. This value was not averaged with Yochum’s 
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(2015) 2013 flood discharge estimate of 453 m3/s for the final Q-max because his 
estimate was conducted considerably upstream of the site for this study.  
 
Figure 3.2. Diagram of Little Thompson River paleoflood study site. Located at Parrish Ranch, 
40°15'29.50"N, 105°12'39.25"W. 
The critical-depth method was used with adjustment for the Little Thompson 
River discharge estimations because it only has a slope of 0.8 percent, which is under 
the one-percent threshold for using the critical-depth method (see section 1.2.3.1.). 
Critical-depth method calculations were multiplied by a factor of 0.85 to account for a 
Froude number likely less than one. This adaption of the critical-depth method rather 
than use of other methods was used to maintain consistency between discharge 
estimates throughout the study; additionally, this is still considered a more accurate 
representation of discharge estimates than methods based on using estimates of 
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Manning’s n value because the slope is still at a relatively high gradient and doing so 
reduces uncertainties and errors of using inappropriate n-values with other methods. 
 
Figure 3.3. View of right bank at Little Thompson River site. Boulder and cobble deposits, 
flotsam, and a cutbank from 2013 flood are visible. 
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3.1.2.2. North Saint Vrain Creek 
 
Figure 3.4. Downstream view of North Saint Vrain Creek site from cross-sections one and two. 
The outlet of the North Saint Vrain Creek watershed is located at the town of 
Lyons, and the watershed encompasses 319.8 km2. This was one of the hardest hit areas 
of the 2013 Front Range Floods, and subsequently there has been extensive 
anthropogenic intervention along the North Saint Vrain Creek to repair infrastructure 
damages and in attempts to stabilize the channel between Lyons upstream to Ralph 
Prince Reservoir. Therefore, channel geometry and PSIs have been heavily altered 
along much of the watershed, making paleoflood estimates difficult. Paleoflood analysis 
was conducted approximately six kilometers upstream of the outlet point at Button 





Figure 3.5. Diagram of North Saint Vrain Creek paleoflood study site. Located downstream of 
the parking lot at Button Rock Reserve Park, 40°13'47.36"N, 105°20'22.65"W.  
Three cross-sections were surveyed at this site. The left bank has a road running 
along the channel and some post-flood anthropogenic stabilization occurred, altering 
channel geometry on this side. The main channel and right bank were less impacted by 
anthropogenic interactions, and so PSIs and 2013 HWMs were primarily preserved on 
the right bank, with the exception of some flotsam along the left bank from the 2013 
floods. To determine flood stage for previous floods, a boulder bar along the right bank, 
levels of soil development and disturbance, and presence or absence of alluvial deposits 
such as slack-water deposits were used.  
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Q-max calculations for the North Saint Vrain Creek site approximated 190 m3/s, 
considerably less than the 283 m3/s measured near this site for the 2013 floods (personal 
communication with City of Longmont officials). There are a few possibilities why 
paleoflood estimates came out lower than other discharge estimates for this area. There 
are uncertainties due to bank stabilization and alteration of channel geometry along the 
left bank because the road was damaged and partially washed out during the 2013 flood 
and subsequently rebuilt. A significant amount of area from the road would need to be 
added to the cross-sectional area to equal the 2013 discharge of 283 m3/s, and it is 
possible the estimated area accounting for the portion of road washed out and 
subsequent rebuilding was too conservative in this study. Additionally, it is possible that 
there was more deposition after the peak stage than initially assumed. Paleoflood 
analyses largely assume most scouring and deposition occur prior to the peak stage, so 
substantial deposition after the peak stage would decrease channel area and create 
artificially low paleoflood discharge estimates (Jarrett and England, 2002; Webb and 
Jarrett, 2002). 
Because no larger magnitude paleofloods than the 2013 floods were identified in 
this study and the study site was located considerably upstream of the basin outlet, other 
2013 discharge estimates were used for final analysis. The average value of 367 m3/s, 
derived from 2013 estimates from Jarrett of 348 m3/s (UDFCD, n.d.) and Moody of 385 
m3/s (2016), was used for Q-max for final analysis. These estimates were obtained 
closer to the outlet point than was possible during this study (fall 2017) due to 
anthropogenic interference. Thus, these estimates were determined a better indicator of 
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Q-max for the whole watershed than interpolating additional discharge for the rest of 
the basin based on results from this study. 
 
Figure 3.6. Boulder bar on right bank of North Saint Vrain Creek site along cross section one. 
3.1.2.3. South Saint Vrain Creek 
The South Saint Vrain Creek watershed outlet is also located at Lyons, with a 
drainage area of 235 km2. Prior to this study, the 2013 Front Range Flood was the 
largest flood of record, estimated after the flood at 255 m3/s by Jarrett (UDFCD, n.d.). 
The paleoflood site for this study was located approximately 4.6 kilometers upstream of 
the outlet, encompassing 92 percent of the total watershed area.  This reach was one of 
the more “ideal” paleoflood analysis sites throughout the study area, with a fairly 
straight, uniform, bedrock channel and a slope of 2.9 percent. A road runs along the left 
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bank, but there is a considerable distance between the road and floodplain compared to 
most streams in the region. The road in this reach does not appear to have been washed 
out during the 2013 floods. Thus, the road seems to cause minimal disturbance to 
channel geometry for peak discharge estimation. Q-max flood stage was estimated by a 
large boulder bar, woody debris, and tree scars on established trees along the left bank. 
The right bank has a bedrock wall extending up from the main channel, with a lichen 
line that approximately lines up with the top of the boulder bar. Q-max estimates 
approximated 269 m3/s, which is slightly larger, but similar to Jarrett’s 2013 discharge 
estimates near this location. 
 
Figure 3.7. Diagram of South Saint Vrain Creek paleoflood study site. Located along highway 




Figure 3.8. Downstream view of South Saint Vrain Creek site. A boulder bar, alluvial deposits, 
plant debris (flotsam), and a tree scar are evident on the left of the image (left bank).  
For this site, the 2013 floods appear to be the largest observable flood, but not 
the only flood of this magnitude. Though absolute dating was beyond the scope of this 
study, relative dating techniques were used to make inferences about flood history. At 
the upstream most end of the reach, the boulder bar appears newer with little rock 
weathering and flotsam wrapped around trees, likely from the 2013 event. However, 
along the same boulder bar further downstream, the bar is equally large but has 
significantly more rock weathering and does not appear to have been completely 
inundated during the 2013 event. Additionally, a buried A soil horizon was found along 
the bar, indicating more than one flood was involved in the development of this bar. 
Thus, it is concluded that the 2013 floods were one of the largest magnitude floods for 
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the South Saint Vrain Creek, but not the only flood of this magnitude to occur. 
Evidence further upstream of this site seems to indicate additional large flooding as well. 
 
Figure 3.9. Downstream view of South Saint Vrain Creek cross-section one from the boulder 
bar to right bank. A tagline is visible at the cross-section. 
3.1.2.4. Left Hand Creek 
Left Hand Creek watershed is similar to the North Saint Vrain Creek watershed 
in that it was strongly impacted by the 2013 Front Range Floods; Left Hand Creek has 
also had considerable anthropogenic intervention subsequently to repair infrastructure 
and for channel stabilization, making paleoflood studies difficult. Paleoflood 
investigations were conducted roughly three kilometers upstream of the outlet at 
Buckingham Park, covering approximately 79 percent of the watershed. Unfortunately, 
there are not many stable, bedrock reaches with PSIs along Left Hand Creek, so this site 
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likely does experience some scouring and/or deposition during flooding, possibly 
altering channel geometry after the peak-stage. Four cross-sections were surveyed 
upstream of a tributary junction at a bend in the channel where significant deposition 
occurred. PSIs included breaks in slope, flotsam from the 2013 flood, and soil 
development along the left bank. A road runs along the right bank fairly close to the 
channel, so little paleoflood evidence exists along this bank.  
 
Figure 3.10. Diagram of Left Hand Creek paleoflood study site. Located upstream of 
Buckingham Park, 40°6'37.76"N, 105°18'25.19"W. 
Paleoflood studies determined a Q-max of 65.1 m3/s and a Q-NIS of 116 m3/s, 
compared to 2013 flood estimates by Jarrett (UDFCD, n.d.) of 99.7 m3/s, Moody (2016) 
of 199 m3/s, and Pitlick (2015; personal communication, 2017; referenced in Moody, 
2016) of 225 m3/s, also conducted near Buckingham Park. For the final analysis of this 





Figure 3.11. Upstream view of Left Hand Creek cross-section two (located where R. Jarrett is 
standing with total station prism pole). 
 
Figure 3.12. Downstream view of Left Hand Creek cross-section three. Plant debris and a steel 




3.1.2.5. Ralston Creek 
For Ralston Creek watershed, four cross-sections were surveyed close to the 
outlet point at two sites approximately 0.9 kilometers apart, with no intervening 
tributaries and a six percent different in drainage area. Ralston Creek is one of the 
smallest basins in this study with a drainage area of 116 km2, and it does not have an 
extensive recorded flood history. Prior to this study, the largest flood of record is from 
the 2013 Front Range Floods measured at 24.5 m3/s by the ALERT System (UDFCD, 
n.d.). Though the 2013 flood was one of the larger floods evident for this basin, based 
on paleoflood investigations there is evidence of larger flooding than the 2013 floods. 
South of Coal Creek, rainfall was less intensive and not found to produce the largest 
flood of record during the 2013 event based on paleoflood investigations. Paleoflood 
calculations found a Q-max of 43.6 m3/s and Q-NIS of 75.0 m3/s, based on breaks in 
slope, alluvium deposits or lack thereof, and soil development.  
 




Figure 3.14. Diagram of Ralston Creek paleoflood study site one; Located at 39°49'49.43"N, 
105°16'1.57"W. 
 





Figure 3.16. Approximate height of Q-max at Ralston Creek site two cross-section four at 
height of prism pole held by R. Jarrett. 
3.1.2.6. Van Bibber Creek 
Van Bibber Creek is the smallest watershed in this study at 21.5 km2 in area, 
with little recorded flood history. Prior to this study, the largest discharge estimate was 
from the 2013 floods, estimated at by Jarrett at 16.4 m3/s (UDFCD, n.d.). The 
paleoflood study site was located near the outlet of the basin at White Ranch Open 
Space Park. In total nine cross-sections were surveyed for Van Bibber Creek, only six 
which were used for determining Q-max. 
Upon first visit to Van Bibber Creek the enormous clast size of bedload material 
for the small size of the watershed is apparent; average clast sizes ranged from 
approximately 15 centimeters up to 2 meters in diameter. Watersheds of comparable or 
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slightly larger drainage areas in the study area only had clast sizes in the range of 15 to 
50 centimeters in diameter. These large boulders are mostly metamorphic and granitic 
rock types, which are only found as colluvium further upstream in the mountains, and 
so can be ruled out as colluvium and must have been brought to the base of the foothills 
by the channel. The abundance and distribution of these large boulders throughout the 
basin can also rule out their presence due to anthropogenic interference. Based on this 
in combination with evident debris flow characteristics in some areas of the basins, it is 
believed that Van Bibber Creek has experienced substantial debris flows in addition to 
flooding in the last several hundred years (based on rock weathering characteristics).  
 




Figure 3.18. Diagram of Van Bibber Creek paleoflood site. Located at White Ranch Open 
Space Park, 39°48'8.47"N, 105°15'9.46"W. 
Using debris flow evidence for flood discharge estimates leads to inaccurate 
estimations (see section 1.2.3.), so there was extra consideration into site selection for 
each cross-section to minimize debris flow influence and additional cross-sections were 
surveyed in this reach to verify results. It is possible to distinguish debris flow evidence 
from water flood evidence for paleoflood analysis (see section 1.2.3.; Costa and Jarrett, 
1981; Pierson, 2005). The final Q-max result for Van Bibber Creek was 97.6 m3/s, 
possibly associated with the 1948 Tucker Gulch Storm as this storm peaked near the 
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divide between Van Bibber Creek and Tucker Gulch (Follansbee and Sawyer, 1948). Q-
NIS for this basin was 134 m3/s and Q-2013 was 11.9 m3/s, fairly close to previous 
2013 discharge estimates (a short distance downstream); this provides confidence that 
results of this paleoflood analysis reflect past flood discharges, even with the presence 
of debris flows in the basin. Based on relative dating, debris flow deposits appear to be 
much older than water flow PSIs throughout the basin; most deposits likely associated 
with debris flows were found to be highly weathered, partially buried, and do not appear 
to have experienced ground disturbance for long time periods. Water flows in the basin 
are unlikely to be large enough to move most of the large debris flow deposits and 
therefore would not largely impact channel geometry for paleoflood analyses.  
 
Figure 3.19. Large, highly weathered boulder on right bank upstream from instrument at Van 





Figure 3.20. Upstream view of large, weathered boulders at Van Bibber Creek located on the 
left bank, between cross-section one and two. 
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3.1.2.7. Clear Creek 
 Clear Creek watershed has a drainage area of 1,020.3 km2, with its outlet located 
at Golden. Four cross-sections were surveyed at two sites near the outlet, 0.4 kilometers 
apart with no major intervening tributaries and less than one percent difference in 
drainage area in between sites. Historically Clear Creek’s hydrology has been heavily 
influenced by anthropogenic land use practices such as mining, logging, and road 
construction along the creek (Wohl, 2001; Follansbee and Sawyer, 1948). As noted, 
some older indirect estimates were excluded from this study, leaving the largest flood of 
record for Clear Creek at 167 m3/s. PSIs for this site included breaks in slope, soil 
development, locations of alluvial deposits, and a mid-channel bar at site one. 
 





Figure 3.22. Downstream view of mid-channel bar at Clear Creek site one from left bank. 
The resulting Q-max for this study was 112 m3/s, which is lower than the flood 
record at 167 m3/s; a slightly larger Q-NIS value of 219 m3/s was determined. Possible 
explanations for low Q-max values include changes in channel geometry by 
anthropogenic influence or incorrect assumptions about channel stability and erosion 
and deposition subsequent to the peak stage. It was therefore decided to use the 





Figure 3.23. Upstream view of Clear Creek site one. This narrow canyon is characterized by 
steep, bedrock walls with little soil and vegetation cover.  
3.1.2.8. Deer Creek 
Deer Creek watershed is 80.9 km2, with its outlet located near Littleton and 
Chatfield State Park and Reservoir. Deer Creek merges with the Upper South Platte 
River just downstream of the study area. There is not an extensive flood record at Deer 
Creek, and prior to this study the largest flood of record was 9.06 m3/s. Two cross-
sections were surveyed at the outlet at Hildebrand Ranch Park, with a final Q-max 
estimate of 34.3 m3/s and Q-NIS of 60.6. The site consisted of a fairly straight reach 
with some riparian vegetation and the floodplain a fair distance from nearby roads. PSIs 




Figure 3.24. Diagram of Deer Creek paleoflood site. Located at 39°33'7.28"N, 105°7'35.55"W. 
 




3.1.2.9. Upper South Platte River 
 The Upper South Platte River is the largest watershed in the study area by far at 
6,793.3 km2, compared to the second largest basin, the Cache La Poudre River, at 
2,859.1 km2. This basin encompasses 47 percent of the entire study area, almost as large 
as all other 19 sub-basins combined. The canyon mouth is located near Chatfield State 
Park and Reservoir in Littleton. This basin has one of the longest historic flood records 
in the region, though with a conspicuously low flood of record of 179 m3/s for its large 
size. Four cross-sections were surveyed in Waterton Canyon, three of which were used 
to determine Q-max. A road runs along the left bank at this site that could possibly 
influence channel geometry. Most PSIs for this site were located along the right bank, 
consisting of a flood bar, other alluvial deposits, and breaks in slope.  
 
Figure 3.26. View of Upper South Platte River cross-section one from left bank; height of pole 





Figure 3.27. Diagram of Upper South Platte River paleoflood study site. Located at Waterton 
Canyon, 39°28'51.10"N, 105°7'12.16"W. 
Paleoflood investigations did not find evidence of larger floods than previous 
records, with a Q-max value of 150 m3/s. Q-NIS values were slightly larger than the 
previous flood record at 289 m3/s. Probable reasons for the small resulting Q-max value 
compared to flood records include anthropogenic influence or incorrect assumptions 
about channel stability. This site also has dense vegetation along the right bank, which 
possibly filters out sediments from being deposited as PSIs. The flood bar on the right 
bank is fairly low in elevation compared to the stream, especially when compared to 
boulder bars from other study sites. Additionally, the Upper South Platte River is more 
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highly regulated than other basins in the study area and could be sediment starved, 
which could also lead to a lack of PSIs and underestimations of Q-max due to less 
sediment transport during floods. In general, there was not significant deposition of 
PSIs or HWMs throughout the watershed compared to other study sites. For final 
analysis the historic flood of record of 179 m3/s was used.  
 
Figure 3.28. Upstream view of the Upper South Platte River at Waterton Canyon (upstream of 
study site). 
3.1.3. Additional Unpublished Paleoflood Work From Jarrett 
This study includes additional results of unpublished paleoflood work conducted 
by Jarrett at Buckhorn Creek, Cottonwood Creek/Dry Creek, Coal Creek, and Mount 
Vernon Creek. The results and discussion for these sites are based on extensive personal 
communication with Jarrett. 
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3.1.3.1. Buckhorn Creek 
The outlet of Buckhorn Creek is located near Loveland with a drainage area of 
374.1 km2 and converges with the Big Thompson River just downstream of the study 
area. Prior to this study, the largest flood of record was the 2013 Front Range Floods 
with a discharge of 311 m3/s, which likely was exacerbated by runoff from recently 
burned areas (Yochum, 2015). Paleoflood work by Jarrett found a Q-max of 462 m3/s 
and a Q-NIS of 609 m3/s at the same site where Yochum conducted his 2013 estimates. 
This site is located above the confluence of Buckhorn Creek and Redstone Creek. 
Along Redstone Creek Jarrett found a Q-max of 64.0 m3/s and a Q-NIS of 81.0 m3/s.  
For the final analysis of this study, it was decided to only use Jarrett’s 
paleoflood estimates above the confluence of Redstone Creek because there is not a 
significant likelihood of simultaneous peak discharges along Buckhorn Creek and 
Redstone Creek. Thus, adding Q-max values together could lead to overestimation of 
peak discharge downstream of the confluence. Therefore, even though Redstone Creek 
falls within the boundaries of Buckhorn Creek watershed for this study, the Q-max 
value of 462 m3/s from only the Buckhorn Creek site was used for this analysis and 
should be considered a conservative estimate of peak discharge for the Buckhorn Creek 
watershed as delineated by this study. 
3.1.3.2. Cottonwood Creek/Dry Creek 
Locally known as either Cottonwood Creek or Dry Creek, this watershed is 88.9 
km2 in size, with its outlet located downstream from Flatiron Reservoir near the town of 
Loveland. This watershed also converges with the Big Thompson River downstream of 
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the study area. Though there is not an extensive flood history for this watershed, 
estimates from the 2013 Front Range Floods are available with a discharge of 51.3 m3/s 
(Harden et al., 2014). Paleoflood work by Jarrett found a Q-max of 68.5 m3/s and Q-
NIS of 104 m3/s at a study site located approximately four kilometers upstream of the 
outlet, encompassing 72 percent of the watershed.  
3.1.3.3. Coal Creek 
Coal Creek watershed is 43.0 km2, with its outlet located near Plainview. The 
prior Q-max for this watershed is 136 m3/s by Jarrett for the 2013 Front Range Floods 
(UDFCD, n.d.). Additional paleoflood work by Jarrett did not find discharges larger 
than the 2013 Front Range Floods, so the 136 m3/s discharge was used for Q-max for 
final analysis.  
3.1.3.4. Mount Vernon Creek 
Mount Vernon Creek has a drainage area of 24.1 km2, with its outlet located 
near Morrison upstream from its confluence with Bear Creek. As discussed in section 
2.1.1., the previous flood discharge for Mount Vernon was excluded from this study. 
Additional paleoflood work by Jarrett found a Q-max value of 144 m3/s. The previous 
estimate of 261 m3/s was likely overestimated due to possible incorrect n-value 
designations; additionally, it is theorized that during the 1938 flood a blockage of the 
culvert at the upper access road to Red Rocks Park and subsequent dam failure towards 
the base of watershed created an artificially high discharge estimate, as there is little 
evidence of such a large discharge further upstream in the watershed.  
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3.1.4. Summary of Paleoflood and Historic Analysis 
Following the paleoflood and historic compilation analysis, a maximum flood 
discharge was determined for each sub-basin. Table 3.3. shows a compilation of final 
Q-max values and unit discharges for each sub-basin, which were used for the final 











USP 6793.3 179 0.026 
CLP 2859.1 1620 0.567 
CLC 1020.3 167 0.164 
BTR 820.3 883 1.076 
BEC 454.9 113 0.248 
BKC 374.1 462 1.235 
BOC 338.5 311 0.919 
NSV 319.8 367 1.147 
SOB 291.4 242 0.830 
LTR 262.4 484 1.845 
SSV 235.0 269 1.145 
LHC 144.7 147 1.016 
TKC 129.5 77.3 0.597 
RAC 116.0 43.6 0.376 
CDC 88.9 68.5 0.770 
DRC 80.9 34.3 0.424 
COC 43.0 136 3.165 
MVC 24.1 144 5.968 
TKG 23.1 256 7.974 
VBC 21.5 97.6 4.540 
Table 3.3. Final results of paleoflood and historic analysis maximum flood discharges. See 
table 2.1. for sub-basin name abbreviations. 
As previously noted, paleoflood study sites were located as close to the outlet 
point as possible to include most of the catchment, though it was necessary to go further 
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upstream to find useable sites for paleoflood analysis for some basins. Additionally, 
sub-basins where data from previous studies or historic records were used did not all 
conduct measurements directly at the base of the foothills. While methods do exist for 
interpolating stream discharge downstream from a known discharge point based on the 
amount of additional drainage area, Q-max measurements were used as-is for the final 
statistical analysis to reduce additional uncertainty. Therefore, any sites where discharge 
measurements were not measured directly at the outlet point are possibly conservative 
estimates of flood magnitudes for the entire sub-basin because they do not account for 
additional discharge between the measurement site and the outlet point; this is 
especially probable because the foothills region is where the most intense precipitation 
generally occurs (see section 1.3.1.).  
3.2. Basin Morphometry Results 




Table 3.4. Basin morphometric results. See table 2.1. for sub-basin name abbreviations and 


































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Table 3.5. Basin morphometric results continued. See table 2.1. for sub-basin name 














































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































3.2.1. Hypsometric Curve 
In addition to the hypsometric integral used for the final analysis, hypsometric 
curves were generated with CalHypso (Perez-Pena et al., 2009). Individual basin results 
for hypsometric curve calculation are provided in the appendix. Figure 3.29. shows 
variations in hypsometric curve for all basins of study. No major trends are initially 
obvious in hypsometric curves for the study area.  
 
Figure 3.29. Hypsometric curve results. 
3.3. Statistical Analysis of Maximum Flood Discharge Versus Basin 
Morphometric Characteristics Results 
The statistical analysis of basin morphometric characteristics and maximum 
flood discharges determined several characteristics that are highly correlated to flood 
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magnitudes. The Upper South Platte River basin was found to be an outlier in some of 
the statistical analysis (e.g. see figure 3.30. Q-max versus drainage area), and many 
correlations were stronger when this basin was excluded. This is discussed further in 
chapter four. The following results exclude the Upper South Platte River basin from 
analysis. 
              Q-max             Unit Discharge 
 
 
    Drainage       




Figure 3.30. Scatter plots for drainage area versus Q-max (left) and unit discharge (right).  
Tables 3.6., 3.7., and 3.8. show results of the statistical analysis for Q-max 
versus basin characteristics, and tables 3.9., 3.10., and 3.11. show results for unit 
discharge versus basin characteristics. Tables of statistical results that include the Upper 













Drainage Area Below 2300m  0.9052 <0.0001 0.0019 
Total Stream Length 0.8964 <0.0001 0.0019 
Total No. Streams 0.8920 <0.0001 0.0020 
Basin Magnitude 0.8896 <0.0001 0.0021 
Drainage Area  0.8858 <0.0001 0.0022 
Basin Perimeter 0.8529 <0.0001 0.0023 
Area of Basin with Slopes > 30% 0.8061 <0.0001 0.0024 
Basin Length 0.6447 0.0029 0.0025 
Basin Relief Ratio -0.5183 0.0230 0.0026 
Basin Relief 0.4877 0.0342 0.0028 
Basin Shape 0.4303 0.0659 0.0029 
Basin Orientation 0.3753 0.1134 0.0031 
Basin Elongation Ratio 0.3740 0.1147 0.0033 
Max. Basin Slope 0.3592 0.1309 0.0036 
Hypsometric Integral -0.3136 0.1911 0.0038 
Percentage of Basin with Slopes > 
30% -0.2422 0.3177 0.0042 
Length Ratio -0.2233 0.3581 0.0045 
Mean Basin Slope -0.2011 0.4090 0.0050 
Circularity Ratio -0.1911 0.4332 0.0056 
Mean Elevation 0.1596 0.5140 0.0063 
% Drainage Area Below 2300m -0.1223 0.6178 0.0071 
Avg. Stream Length -0.0933 0.7041 0.0083 
1st-Order Channel Frequency 0.0602 0.8066 0.0100 
Length of overland flow -0.0465 0.8499 0.0125 
Drainage Density -0.0465 0.8499 0.0167 
Ruggedness Number 0.0198 0.9359 0.0250 
Bifurcation Ratio 0.0015 0.9952 0.0500 
Table 3.6. Correlation results for Q-max and basin morphometric characteristics. Highlighted 






















Bifurcation Ratio 0.6607 0.0021 0.0019 
Basin Relief -0.6126 0.0053 0.0019 
1st-Order Channel Frequency 0.6083 0.0057 0.0020 
Max. Basin Slope -0.5985 0.0068 0.0021 
Basin Relief Ratio 0.5456 0.0157 0.0022 
Basin Length -0.5401 0.0170 0.0023 
Basin Perimeter -0.4835 0.0360 0.0024 
% Drainage Area Below 2300m 0.4661 0.0443 0.0025 
Circularity Ratio 0.4573 0.0490 0.0026 
Mean Elevation -0.4273 0.0680 0.0028 
Hypsometric Integral 0.4096 0.0816 0.0029 
Area of Basin with Slopes > 30% -0.3691 0.1199 0.0031 
Basin Orientation 0.3497 0.1422 0.0033 
Length of overland flow 0.3134 0.1914 0.0036 
Drainage Density 0.3134 0.1914 0.0038 
Drainage Area -0.3112 0.1946 0.0042 
Total No. Streams -0.3109 0.1951 0.0045 
Basin Magnitude -0.3105 0.1957 0.0050 
Total Stream Length -0.3069 0.2012 0.0056 
Length Ratio -0.3029 0.2075 0.0063 
Drainage Area Below 2300m  -0.2275 0.3489 0.0071 
Percentage of Basin with Slopes > 
30% 0.1299 0.5960 0.0083 
Basin Shape -0.1184 0.6292 0.0100 
Basin Elongation Ratio -0.0950 0.6988 0.0125 
Mean Basin Slope 0.0915 0.7094 0.0167 
Avg. Stream Length 0.0554 0.8216 0.0250 
Ruggedness Number -0.0386 0.8753 0.0500 
Table 3.9. Correlation results for unit discharge and basin morphometric characteristics. After 










Table 3.11. Unit discharge random forest results. Highlighted results are most related to unit 
discharge. 
For correlation matrix results, use of the Holm Bonferroni method did adjust 
results for determining correlations significant at a target alpha level of 0.05. After 
adjustment, results found drainage area under 2,300 m elevation, total drainage area, 
basin perimeter, area of basin with slopes greater than 30 percent, total stream length, 
total number of streams, and basin magnitude to be correlated to Q-max.  
For unit discharge versus basin characteristics, after the Holm Bonferroni 
method no significance for correlation results was determined; results of basin 
characteristics versus unit discharge for the correlation matrix should therefore be 
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observed with less certainty. However, based on observations of scatter plots for unit 
discharge versus basin characteristics there seem to be more correlations that do not 
have linear trends, and therefore random forest and regression tree results are more 
applicable (e.g. see figure 3.30.).  
Results for the random forest and regression tree mostly overlapped with the 
correlation matrices, with the addition of relief ratio, basin relief, basin length and basin 
orientation as most correlated to flood magnitudes. Cutoffs of significance for these 
methods was determined by overlapping significance from correlation matrix results 
and high proportions for the random forest and a high logworth for the regression trees, 
which is an indicator of the most significance and “best fit” of variables compared to 
flood magnitudes. Interpretations of these results and an analysis of possible physical 
mechanisms behind correlations are discussed further in chapter four. 
3.4. Summary 
Paleoflood investigations and a historic discharge analysis were used to 
determine maximum flood discharges for each basin. Basin morphometric 
characteristics were delineated and quantified using GIS. Finally, a statistical analysis 
was conducted to compare Q-max and unit discharge to basin morphometric 
characteristic values to determine correlations between characteristics and flood 
magnitudes. This analysis was able to find several basin morphometric characteristics 
with high associations to flooding including drainage area under 2,300 m elevation, 
total drainage area, area of basin with slopes greater than 30 percent, basin perimeter, 
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total stream length, number of streams, basin magnitude, relief ratio, basin length, and 





 Analysis and Discussion 
Through a historic compilation and paleoflood investigations to determine 
maximum flood magnitudes, a basin morphometric analysis to quantify basin 
characteristics, and statistical comparison of Q-max and unit discharges to 
morphometric characteristics, several basin characteristics were found to highly 
correlate to extreme flooding. Drainage area under 2,300 m elevation, total drainage 
area, area of basin with slopes greater than 30 percent, total stream length, number of 
streams, basin magnitude, basin relief, relief ratio, basin length, and basin orientation 
were found to influence Q-max. Though unit discharge relationships were not found to 
have statistical significance after application of the Holm Bonferroni method for the 
correlation matrix, there appears to be non-linear relationships and thus random forest 
and regression tree results are more applicable in many cases. Overall, resulting related 
basin characteristics compared to unit discharge generally overlapped with Q-max 
results. However, results for relationships of Q-max versus unit discharge can be 
associated with different physical mechanisms and have different meaning and 
significance.  
This chapter discusses relationships between these important basin 
morphometric characteristics compared to flood discharge and likely physical 
mechanisms causing high correlations. In general, morphometric characteristics found 
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significant to extreme flood magnitudes by this study reflect results of other studies (see 
section 1.2.4.), though some unique characteristics to this region were also found. In 
summary, characteristics found most important in relation to flood magnitudes either 
enhance the speed to which water will accumulate in streams and decrease lag time or 
are related to the rugged terrain’s influence on storm movement and intensity. Area and 
relief characteristics are generally linked to flood magnitudes while length 
characteristics are associated with timing of floods (Ritter et al., 1995). In general, 
basins with more area under 2,300 m elevation that are short, steep, rugged, and with a 
higher number and length of streams produce larger flood magnitudes.  
Another noteworthy finding of this study was that the Upper South Platte River 
basin is an outlier regarding some morphometric characteristics and their statistical 
relationship to flood magnitudes. This basin has a conspicuously low Q-max for its 
large size compared to the rest of the study area, possibly caused by unique physical 
characteristics of this basin. Personal communication with those familiar with the 
hydrology of this region are aware of low flood magnitudes in the Upper South Platte 
River basin, though there is little in the literature exploring physical causes behind this 
phenomenon. Results of this study sheds some light on the unique properties of this 
basin compared to nearby watersheds, which are suppressing large flood magnitudes. 
This is discussed more in section 4.7. All results discussed in this chapter otherwise 
exclude the Upper South Platte River basin from analysis. To conclude, section 4.8 
analyzes all other paleoflood results in more detail. 
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4.1. Total Drainage Area and Drainage Area Under 2,300 Meters 
Elevation 
Total drainage area has long been found significantly related to flood 
magnitudes (e.g. Sherman, 1932; Jarvis, 1936; Thomas and Benson, 1970; Patton, 1988; 
Pitlick, 1994; Ritter et al., 1995). For unit discharge, total drainage area is inversely 
related, indicating smaller basins are more likely to experience higher unit discharges. 
For Q-max, total drainage area positively correlates, indicating larger basins experience 
larger Q-max values. This is because there is a larger area to accumulate water, leading 
to larger discharges. However, for Q-max the amount of drainage area under Jarrett’s 
2,300 m elevation limit for flooding is more significantly correlated to flood magnitude 
than total drainage area. While total drainage area and area under 2,300 m elevation are 
somewhat related, different physical mechanisms are responsible for correlations. 
Total drainage area is influential on unit discharges based on the amount of time 
it takes water to flow from hillslopes to streams and lag time for peak discharge. In 
other words, the larger a watershed, the more time it takes for water to accumulate from 
hillslopes to channels and the more opportunity for infiltration to slow down water 
because there is more area available to “absorb” water; this overall increases lag time to 
peak-discharge and leads to more sluggish hydrographs. When watersheds are smaller, 
water is more likely to run off and accumulate quickly into streams, resulting in flashier 
hydrographs and larger unit discharge flood magnitudes.  
In this region, the amount of area under 2,300 m elevation is the most influential 
factor driving flood magnitudes. This makes sense based on Jarrett’s (1987b) work, 
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which found large magnitude flooding is largely confined below this elevation in this 
region because storms do not produce significant amounts of rain by amount, intensity, 
nor spatial coverage above 2,300 m elevation. Therefore, the more area of a basin below 
this elevation limit, the more area that is susceptible to larger magnitude precipitation 
and subsequent flooding. Interestingly, results by unit discharge found this correlation 
less prominent even when normalized by area as well (percent of basin under 2,300 m).  
4.2. Slope Characteristics 
The amount of area with slopes greater than 30 percent in a basin also highly 
correlates to flood magnitudes. Steep slopes enhance flood magnitude by increasing the 
speed water will flow downhill and by increasing the chance of water flowing as runoff 
rather than infiltrating (Patton, 1988). Additionally, steep slopes are more difficult for 
soils and/or vegetation to develop on, and decreased amount of soils and/or vegetation 
will increase runoff potential. (Costa, 1987). 
4.3. Shape Characteristics 
In general, basin shape seems to be less influential on flood magnitudes for this 
region. The two main shape characteristics found relevant were basin perimeter and 
length, which are highly connected to basin area. Thus, for Q-max, basins with larger 
perimeters and/or lengths likely contain more area and/or longer distances from 
hillslopes to channels, leading to a higher flood magnitude. Basin perimeter and basin 
length have an inverse relationship to unit discharge, indicating that basins with smaller 
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perimeters and lengths would concentrate water faster and therefore have larger unit 
discharges.  
4.4. Stream Characteristics 
Total stream length, total number of streams, and basin magnitude (number of 
first order streams) all highly correlate with Q-max, while interestingly other stream 
related characteristics such as drainage density did not. Total stream length and total 
number of streams likely correlate to flood magnitude because they are indicative of the 
total area where water will accumulate. 
Basin magnitude has been found by other studies as a good indicator of flooding 
(e.g. Morisawa, 1962; Patton and Baker, 1976; Patton, 1988; Ritter et al., 1995). Basin 
magnitude is influential to flood magnitudes because first order streams constitute a 
high percentage of water flow during higher discharges, while they pose less significant 
during low flows (Blyth and Rodda, 1973; Patton, 1988). In other words, the number of 
first order streams is indicative of the total amount of the basin that will experience high 
discharges.  
Other studies have found drainage density as a good indicator of flood 
magnitudes (e.g. Carlston, 1963; Patton and Baker, 1976; Ritter et al., 1995), so it was 
surprising to find no correlation for this region. It is hypothesized this is because there is 
little variation in drainage density between basins in the study area and would therefore 
not be perceived as statistically significant in influencing flood magnitudes. Drainage 
densities for the region range from 1.89 to 2.46, indicating that these basins are poorly 
drained, which makes the region more susceptible to flooding in general (Horton, 1945). 
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4.5. Relief Characteristics 
After the Holm Bonferroni adjustment of significance, the correlation matrix did 
not find significance in most relief characteristics for Q-max, although regression tree 
and random forest results indicate a probable relationship for relief ratio and basin relief. 
For unit discharge, basin relief appears to be slightly more important than relief ratio, 
which makes sense because discharges have been normalized by area.  
Other studies have also found relief characteristics, such a relief ratio and basin 
relief, to highly influence flood magnitudes because it leads to a shorter time of 
concentration, similar to steep slopes (Sherman, 1932; Horton, 1945; Strahler, 1964; 
Thomas and Benson, 1970; Patton and Baker, 1976; Patton, 1988). Furthermore, high 
relief in the region has proven important to the hydrometeorology, as the mountain front 
leads to orthographic uplift, can block, isolate, and/or deflect storm systems, and 
concentrates intense precipitation events in the foothills region (see section 1.3.1.2.; 
Hansen et al., 1978).  
4.6. Basin Orientation 
It was hypothesized that basin orientation would be an important factor driving 
flood magnitudes in this region due to the direction of moisture movements in the 
region (see section 1.3.1.2. and figure 1.6). During spring and summer when most 
flooding is concentrated, moisture is primarily brought to the region from the Gulf of 
Mexico, or from the southeast towards the northwest, leading to intense precipitation in 
the foothills (Follansbee and Sawyer, 1948; Hansen et al., 1978; Mahoney et al., 2015). 
Additionally, high relief between sub-basins works to deflect, block, and/or isolate 
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moisture movement in the region, and precipitation is often characterized by spatially 
small, isolated storm systems that produce extremely intense precipitation. Thus, it was 
hypothesized that basins facing in a more northly direction would block moisture 
movements more than southerly-facing basins, leading to increased flood discharges in 
southerly-facing basins.  
While basin orientation did not prove as statistically significant in relation to 
flood magnitudes in the correlation matrix as originally hypothesized, regression tree 
and random forest results indicate a probable weak to moderate relationship. This 
indicates that there is not a strictly linear relationship between basin orientation and 
flood magnitude. 
4.7. The Upper South Platte River Basin: An Outlier 
The Upper South Platter River basin is unusual compared to the rest of the 
region even at first glance; the drainage area is magnitudes larger than surrounding 
basins, flood magnitudes are extremely low, and there are several unique physical 
characteristics of the basin and its hydrometeorology. Paleoflood investigations in this 
study did not find evidence of appreciably larger floods than the flood record, even for 
Q-NIS. Even if resulting Q-max values of this study were to be doubled or tripled, it 
would still be a conspicuously low flood magnitude. Additionally, this basin was an 
outlier in many statistical analyses against basin characteristics. While it is beyond the 
scope of this study to further analyze the unique properties of this sub-basin and 
resulting flood magnitudes, it is clear that flood magnitudes are being suppressed by the 
basin’s unique characteristics. Some hypotheses are presented below. 
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In addition to the Upper South Platte River basin’s large drainage area, most of 
the basin is at high elevations, with only 6.8 percent of the basin below 2,300 m 
elevation. These two characteristics are hypothesized to be two central morphometric 
characteristics driving small flood magnitudes in the basin based on the importance of 
these factors to flood magnitudes for the rest of the region. Area under 2,300 m 
elevation was still found significant in the statistical analysis both when including and 
excluding the Upper South Platte River basin from analysis.  
However, 6.8 percent, or 462 km2 of 6,793.3 km2, is still a substantial area 
below 2,300 m, and thus the lack of large flood magnitudes suggests other unique 
physical characteristics likely play a considerable role in precipitation and flood 
regimes as well. Two major features stand out initially: 1) South Park Basin and 2) the 
Palmer Divide. Most sub-basins in the study area are composed entirely of rugged 
terrain, while the Upper South Platte River basin contains a large, flat semi-desert 
valley, known as South Park Basin, which has unique meteorological characteristics 
compared to the rest of the region (Hansen et al., 1978). The basin lies at approximately 
3,000 meters above mean sea level and is surrounded by high relief that blocks 
incoming moisture, leading to a generally cold, dry climate. Furthermore, this flat 
region would not contribute steep slopes or high relief differences to the basin, which 
are important factors related to time of concentration in channels; the flat terrain is 
likely able to more easily absorb precipitation without considerable runoff. 
Moreover, the drainage divide between the Upper South Platte River and 
Arkansas River basins, known as the Palmer Divide, extends out at high elevations 
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further east than most of the surrounding foothills. The elevation of the divide is 
approximately 1,880-2,400 meters above mean sea level, compared to surrounding 
areas closer to 1,500 meters or below. The Palmer Divide is known to influence 
meteorology, climatology, and flooding nearby (Hansen et al., 1978; Jarrett, 2000).  
Due to its higher elevation, the Palmer Divide acts more like the foothills in terms of its 
meteorology, even though it does not run parallel to the rest of the foothills boundary. 
Orthographic uplift leads to more precipitation along the Palmer Divide, and the divide 
can also block or deflect storm movement more than surrounding plains. It is 
hypothesized that the higher relief terrain along the Palmer Divide may cause a loss of 
moisture before air masses reach the main portion of the Upper South Platte River basin, 
leading to low flood magnitudes. While it is beyond the scope of this study to 
investigate these hypotheses further, there are clearly unique basin morphometric and 
hydrometeorological characteristics of the Upper South Platte River basin suppressing 
flood magnitudes.  
4.8. Analysis of Paleoflood Results  
Even though no absolute dating was conducted in this study, many final Q-max 
values can be approximated to recorded floods within the last approximately 150 years. 
For several sub-basins located in the area of maximum rainfall during the 2013 Front 
Range Storm (basins closest to Boulder County), the 2013 floods were found to be the 
largest or approximately equal to the largest flood observable, though there was 
evidence of multiple floods of this magnitude in some areas. This indicates that the 
2013 floods are very likely some of the largest flood magnitudes for these basins based 
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on the current climate regime (see Yochum (2015) for flood frequency analyses of the 
2013 floods). Buckhorn Creek, Cottonwood Creek, Dear Creek, Ralston Creek, and Van 
Bibber Creek are the only basins that Q-max values larger than previous flood records 
were found, although Q-NIS values for some additional basins were larger than historic 
flood records. Additionally, the Big Thompson Canyon flood of 1976 was found the be 
the largest flood in approximately 10,000 years (Jarrett and Costa, 1988). 
There are several possible explanations for why more larger discharges outside 
the short flood record were not found for the region observed in this study. This could 
be indicative of anthropogenic land-use practices in this region within the last 
approximately 150 years. The Colorado Front Range has a history of intensive mining 
practices and vegetation removal by humans or wildfires in the last 150 years, 
particularly in the late 1800s and early 1900s, which could lead to higher than normal 
flood discharges (Jarrett, 1994; Wohl, 2001). However, even though there is a known 
history of land-use practices that likely alter flood regimes throughout the study area, 
the 2013 Front Range Floods discharges generally would not be as related to these types 
of land-use practices; much of the region is now protected public lands and efforts have 
been made to mitigate flood risk. Nevertheless, a more thorough analysis of the impact 
of land-use over time would be beneficial for future study.  
Additionally, with the impacts of climate change there is an increased chance of 
extreme flooding, though it is yet to be determined whether this region will experience 
an increase in frequency, severity, or both (see section 1.2.2.). Also, it should be noted 
that most of the region may have experienced larger flooding during the Pleistocene (e.g. 
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Baker, 1976). Larger magnitude Pleistocene floods were evident at several study sites 
but were excluded from this study based on relative dating techniques because they do 
not reflect the current flood regime and are not relevant to current flood risk 
management. 
4.9. Summary 
This study found numerous important basin morphometric characteristics in 
relation to extreme flood magnitudes for the South Platte River tributaries of the 
Colorado Front Range. Drainage area under 2,300 m elevation, total drainage area, area 
of basin with slopes greater than 30 percent, basin perimeter, total stream length, 
number of streams, basin magnitude, basin relief, relief ratio, basin length, and basin 
orientation are most significantly associated with flood magnitudes in this region. Most 
of these characteristics relate to extreme flooding because they enhance water’s ability 
to reach streams quickly or are related to enhancing precipitation intensity, particularly 
in relation to orthographic uplift and movement and isolation of storm systems. 
Additionally, the Upper South Platte River basin is an outlier in some physical 









This study found several drainage basin morphometric characteristics significant 
in relation to extreme flood magnitudes along the Colorado Front Range. This was done 
through paleoflood and historic investigations to determine maximum flood discharges, 
a morphometric analysis to delineate and quantify morphometric characteristics, and a 
statistical analysis to determine correlations. Drainage area under 2,300 m elevation, 
total drainage area, area of basin with slopes greater than 30 percent, total stream length, 
number of streams, basin magnitude, relief ratio, basin relief, basin length, and basin 
orientation are the most significant characteristics associated with extreme flood 
magnitudes for this region. This largely confirms morphometric characteristics related 
to flood magnitudes by previous studies, with a couple additional unique properties for 
this region. Additionally, this study found the Upper South Platte River basin to have 
unique, but not well understood physical characteristics suppressing flood magnitudes.  
5.1. Recommendations for Future Studies 
Although this study was able to determine several significant morphometric 
characteristics related to extreme flooding, there is additional work that should be done 
in the region to further enhance knowledge of flood risk that was beyond the scope of 
this study.  
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Flood-frequency analyses are used widely to determine flood risk for 
communities in this region, and paleoflood hydrology is able to reduce errors and 
uncertainties for extreme floods in these analyses (Baker et al., 2002). Though this 
study determined Q-max values for the study area, no dating was conducted nor an 
analysis of smaller floods, which are beneficial for flood frequency analyses. Further 
paleoflood investigations for this region would still be valuable, particularly for some of 
the smaller basins with little to no flood data.  
Furthermore, as apparent at Van Bibber Creek and other previous work in the 
region (e.g. Costa and Jarrett, 1981; Coe et al., 2003, 2014; Ebel et al., 2015), debris 
flows are extremely common in addition to water flooding. While there are many 
similarities between debris flows and water floods and some of the mechanisms causing 
them, debris flows have distinctly different physical properties and should be 
distinguished from water floods (Costa and Jarrett, 1981). Debris flows inherently have 
different risk associated with them and require different risk-mitigation strategies. The 
2013 Front Range Floods proved debris flows to be prominent in the region (Coe et al., 
2014), and so further investigations of debris flow history in addition to paleoflood 
investigations would be beneficial. 
Additionally, this study primarily focused on basin morphometric characteristics 
in comparison to flood magnitudes. Other basin characteristics such as such as land 
use/land cover, soils and geology, hydrometeorological information, and fire history are 
also significant in association with extreme flooding, and further analysis of these types 
of characteristics for the region would be useful.   
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As discussed earlier, the Upper South Platte River basin is an outlier in some 
physical characteristics driving flood magnitudes for the region. However, it was 
beyond the scope of this study to further investigate the unique characteristics and 
physical mechanisms involved in flood magnitudes for this basin, and more research 
would be beneficial. A comparison of the Upper South Platte River basin with other 
similar sized basins from other regions would potentially shed more light on driving 
factors of flooding for this basin. While this study was able to determine several basin 
morphometric characteristics that drive flood magnitudes for the South Platte River 
tributaries, there is still work to be done to improve our knowledge of flood risk in the 
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7.1. Appendix 1: Paleoflood Studies 
7.1.1.  Little Thompson River 
7.1.1.1. Photographs 
 















































7.1.1.2. Paleoflood Discharge Calculations 













HWM 2013 – Debris on 
ground, rated good 0.000   
0 3.952 Lots of prickly pear cactus 3.928 2.928 
5 5.504   5.480 4.480 
10 7.104   7.080 6.080 
20 9.448 Grass 9.424 8.424 
30 12.896   12.872 11.872 
40 15.114 LB water surface 15.090 14.090 
50 15.924   15.900 14.900 
60 15.138 RB water surface 15.114 14.114 
70 15.056   15.032 14.032 
80 13.404 LB BB 13.380 12.380 
90 11.454 Top BB 11.430 10.430 
100 11.300   11.276 10.276 
110 11.008   10.984 9.984 
120 10.418 
Edge of boulders (1-2ft 
diameter w/ some 3ft) 10.394 9.394 
130 10.410 Sand  10.386 9.386 
140 6.872 
Row of trees 12-24” 
diameter 6.848 5.848 
143 6.126   6.102 5.102 
150 2.540   2.516 1.516 
160 2.082 Grass and brush 2.058 1.058 
170 1.688   1.664 0.664 
175 1.024 
HWM 2013 – debris in 
brush, rated fair/good 1.000 0.000 
180 0.520   0.496   
190 0.000       









Little Thompson River Cross-Section 1 Q-2013 or Q-max 
Calculations 
Q-2013/Q-max LB 
Avg depth =  8.2 ft 
Width = 200 ft 
  
Q-2013=  8.2 ft x 200 ft * (8.2 ft x 32.2 ft/sec2)0.5 








Q-2013 or Q-max RB 
Avg depth =  8.0 ft 
Width = 182 ft 
  
Q-2013=  8.0 ft x 182 ft * (8.0 ft x 32.2 ft/sec2)0.5 








Q-2013 or Q-max Average 
Avg = (22600 + 19700)/2 
 Avg = 21200 ft3/s 
















-5 1.686 HWM 2013- rated good 0.000 0.200 
0 2.462 
Lots of prickly pear 
cactus 0.776 0.976 
10 4.710   3.024 3.224 
14 5.808   4.122 4.322 
20 7.162   5.476 5.676 
30 8.612   6.926 7.126 
40 10.366 Grass 8.680 8.880 
50 14.482 Boulders 1-2 ft diameter 12.796 12.996 
60 15.324 LB water surface 13.638 13.838 
65 16.086 Thalweg 14.400 14.600 
70 15.342 RB water surface 13.656 13.856 
80 14.208   12.522 12.722 
90 14.068   12.382 12.582 
100 12.598   10.912 11.112 
110 11.312   9.626 9.826 
120 10.324   8.638 8.838 
130 9.852   8.166 8.366 
140 9.514   7.828 8.028 
150 10.326 End boulders 8.640 8.840 
160 5.910   4.224 4.424 
165 2.132 Top of bank 0.446 0.646 
170 1.720   0.034 0.234 
175 1.486 
HWM 2013 – rated 
fair/poor   0.000 
180 0.902       
190 0.000       






Figure 7.1.11. Little Thompson River cross-section two. 
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Little Thompson River Cross-Section 2 Q-2013/Q-max 
Calculations 
Q-2013 or Q-max LB 
Avg depth =  7.6 ft 
Width = 180 ft 
  
Q-2013=  7.6 ft x 180 ft * (7.6 ft x 32.2 ft/sec2)0.5 
Q-2013=  21300 ft3/s 
      
Q-2013*0.85 =  18100 ft3/s 
      
Q-2013 or Q-max RB 
Avg depth =  7.4 ft 
Width = 180 ft 
  
Q-2013=  7.4 ft x 180 ft * (7.4 ft x 32.2 ft/sec2)0.5 
Q-2013=  20800 ft3/s 
      
Q-2013*0.85 =  17600 ft3/s 
      
Q-2013 or Q-max Average  
Avg = (18100 + 17600)/2 
 Avg = 17900 ft3/s 




Little Thompson River Cross-Section 3 
STAT # 
(ft) 





HWM 2013 – debris at 
several locations, rated good 0.000 
0 0.768   0.668 
5 2.254   2.154 
10 3.872   3.772 
20 5.224   5.124 
30 6.520   6.420 
40 6.788   6.688 
50 10.826   10.726 
60 12.640   12.540 
70 13.726 LB water surface 13.626 
80 14.400   14.300 
90 13.684 
 Boulders 10-15” and 
occasional 2 ft) 13.584 
100 13.662 RB water surface 13.562 
110 10.996   10.896 
120 9.846   9.746 
130 10.438   10.338 
140 9.574   9.474 
150 9.772 Edge of boulders and gravel 9.672 
160 9.410   9.310 
165 4.096   3.996 
170 2.022   1.922 
180 1.498   1.398 
190 0.772   0.672 
205 0.000 
HWM 2013 – debris by 
tree, rated fair   





Figure 7.1.12. Little Thompson River cross-section three. 
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Little Thompson River Cross-Section 3 Q-2013 or Q-
max Calculations 
Q-2013/Q-max LB 
Avg depth =  7.4 ft 
Width = 205 ft 
   
Q-2013=  7.4 ft x 205 ft * (7.4 ft x 32.2 ft/sec2)0.5 
Q-2013=  23500 ft3/s 
      
Q-2013*0.85 =  20000 ft3/s 
      
Q-2013 or Q-max RB 
Avg depth =  7.5 ft 
Width = 207 ft 
   
Q-2013=  7.5 ft x 207 ft * (7.5 ft x 32.2 ft/sec2)0.5 
Q-2013=  24200 ft3/s 
      
Q-2013*0.85 =  20600 ft3/s 
      
Q-2013 or Q-max Average 
Avg = (23500 + 20600)/2 
 Avg = 20300 ft3/s 














0 0.00 NIS arb est, for S~0.008 ft/ft 
 10 1.0 Qmax (BIS)  
20 3.0 2013HWM (good, debris) 0.0 
30 5.0 grass bank, occ. Large trees 2.0 
40 7.0   4.0 
50 7.2   4.2 
60 6.7 (TOB=sta 43 ft) 3.7 
70 10.2 eroded bank, occ. Large boulders 7.2 
80 12.0 
use slope = 0.008 ft/ft from NT & RJ 
survey 9.0 
90 12.4   9.4 
100 15.1 1-8-18 H2O max. depth= 0.5 ft 12.1 
110 14.4   11.4 
120 12.4   9.4 
130 12.0 (Sta 136=toe boulder bar) 9.0 
140 11.1 occ. Large trees 8.1 
150 10.8   7.8 
160 8.0   5.0 
170 3.0 
2013HWM (fair, debris) = bubble level 
with LB=HWM+/-0.3 ft)  0.0 
180 1.0 Qmax (BIS)  
 190 0.0 NIS arb est 
 





Figure 7.1.13. Little Thompson River cross-section four. 
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Little Thompson River Cross-Section 4 Q-2013 or Q-
max Calculations 
Avg depth =  6.8 ft 
Width = 150 ft 
   
Q-2013=  6.8 ft x 150 ft * (6.8 ft x 32.2 ft/sec2)0.5 
Q-2013=  15100 ft3/s 
      
Q-2013*0.85 =  12800 ft3/s 
Table 7.1.8. Cross-section four discharge calculations at Little Thompson River paleoflood site. 









0 0.0 NIS arb est 
 10 1.0 Qmax (from RB)  
20 3.0 
2013 HWM (v good debris and bent, 
fine brush) 0.0 
30 8.1 (sta 35 = TOB), grass bank and brush 5.1 
40 12.5 eroded colluvium, occ large boulders 9.5 
50 12.5   9.5 
60 14.0 LEW 11.0 
70 14.9 channel bed); REW @72 ft 11.9 
80 13.9   10.9 
90 13.5 
assume slope > 0.008 ft/ft (from NT 
& RJ survey); channel narrower here 10.5 
100 12.0   9.0 
110 11.8   8.8 
120 10.2   7.2 
130 10.2 occ large trees 7.2 
140 7.9   4.9 
150 3.0 Top of bank, grass and brush 0.0 
160 2.5    
170 1.0 BIS; Qmax 
 180 0.0 NIS arb est for S~0.008 ft/ft  




Figure 7.1.14. Little Thompson River cross-section five. 
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Little Thompson River Cross-Section 5 Q-2013 or Q-
max Calculations 
Avg depth =  8.4 ft 
Width = 130 ft 
   
Q-2013=  8.4 ft x 130 ft * (8.4 ft x 32.2 ft/sec2)0.5 
Q-2013=  15110 ft3/s 
      
Q-2013*0.85 =  13600 ft3/s 
Table 7.1.10. Cross-section five discharge calculations at Little Thompson River paleoflood 
site. 
 
Final Paleoflood Discharge Calculations Little Thompson River 
Slope = 0.008  m/m 
Q2013 or Q-max = (21200 + 17900 + 20300 + 12800 + 13600)/5 
Q2013 or Q-max = 17100 ft3/s 
 Q2013 or Q-max = 484 m3/s 
Table 7.1.11. Final discharge calculations at the Little Thompson River paleoflood site, using 
the critical depth method. 
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7.1.2. North Saint Vrain Creek 
7.1.2.1. Photographs 
 




Figure 7.1.16. Downstream view of boulder bar and secondary channel on right bank along 












Figure 7.1.18. Close up view of boulder bar and plant debris along cross-sections one and two. 





Figure 7.1.19. View of secondary channel along cross-sections one and two. The secondary 
channel contained alluvial deposits along with fairly dense vegetation, likely causing waters not 
to flow at critical flow in this section. Discharge calculations were adjusted in the secondary 





Figure 7.1.20. Close up view of vegetation in secondary channel along the right bank of cross-
sections one and two. Alluvial deposits are evident in this channel, though are mostly covered 

















Figure 7.1.23. Change in soils on the right bank of cross section two. More organic material is 
apparent in the upper layer indicating that this area has not been inundated by floodwaters; the 
bottom layer consists of alluvial deposits, indicating the top boundary of previous floods. No 
other evidence of flooding was evident above this line, indicating Q-NIS. Camera lens cap in 













Figure 7.1..26. Downstream view North Saint Vrain Creek cross-section three, upstream of a 








Figure 7.1.27. View of cross-section number three from left bank. Alluvial boulder deposits are 
evident along the right bank. Flotsam around the base of the trees is evident above this. Alluvial 





Figure 7.1.28. Close up view of right bank at cross-section three. Alluvial boulder deposits are 
evident at the bottom, and flotsam wrapped around trees evident above. Some alluvial deposits 





Figure 7.1.29. View of upper right bank at cross-section three looking downstream. Pole 
indicates height of water at Q-max. Some area has been cleared for park vehicles, but otherwise 







7.1.2.2. Paleoflood Discharge Calculations 









-34 0.000 Left side of road (against canyon wall)   
0 0.000 top of road 0.000 
5 2.39   0.766 
10 4.716   3.092 
15 6.546   4.922 
20 6.188 bank stabilization (rip-rap) 4.564 
25 6.346   4.722 
30 6.748   5.124 
35 6.964   5.340 
40 7.656   6.032 
45 8.304   6.680 
50 8.358   6.734 
55 7.700   6.076 
60 6.830 RB water surface 5.206 
65 6.512   4.888 
70 6.416   4.792 
75 6.108 base BB 4.484 
80 4.742 recent HWM 3.118 
85 3.790   2.166 
90 2.444   0.820 
95 3.256   1.632 
100 4.266   2.642 
105 4.694   3.070 
110 5.622 secondary channel 3.998 
115 4.858   3.234 
117 3.622   1.998 
      0.000 
Other Stations 
32 6.856 LB water surface   
91 2.092 HWM   
93 1.642 
top of BB boulder 1.5' diameter (Q-
max_)   
Table 7.1.12. Cross-section one measurements at North Saint Vrain Creek paleoflood site. 
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Road Wash-Out Area Estimates Cross-Section 1 
Conservative Estimate 




-35 8.4 0.0   
-30 7.8 0.6   
-25 7.3 1.1   
-20 4.4 4.0 
LB water 
surface 
-15 4.1 4.3   
-10 3.8 4.6   
-5 3.5 4.9   
0 3.3 5.1   
5 3 5.4   
10 2.7 5.7   
15 2.4 6.0   
20 2.2 6.2   
Large Estimate 




-35 8.4 0.0   
-30 6.8 1.6 
LB water 
surface 
-25 4.6 3.8   
-20 4.4 4.0   
-15 4.1 4.3   
-10 3.8 4.6   
-5 3.5 4.9   
0 3.2 5.2   
5 3 5.4   
10 2.7 5.7   
15 2.4 6.0   
20 2.2 6.2   







Figure 7.1.30. North Saint Vrain Creek cross-section one. 
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North Saint Vrain Creek Cross-Section 1 Q-max 
Calculations 
Q-max (all at critical flow, no geometry changes) 
Avg depth =   3.9 ft 
Width = 114 ft 
      
Q-max =  3.9 ft x 114 ft * (3.9 ft x 32.2 ft/sec2)0.5 
Q-max =  5020 ft3/s 
Q-max STAT 0-90 (critical flow) 
Avg depth =  4.2 ft 
Width = 87 ft 
      
Q-max =  4.2 ft x 87 ft * (4.2 ft x 32.2 ft/sec2)0.5 
Q-max =  4230 ft3/s 
      
Q-max STAT 95-117 (non-critical flow) 
Avg depth =  2.9 ft 
Width = 22 ft 
      
Q-max =  2.9 ft x 22 ft * (2.9 ft x 32.2 ft/sec2)0.5 
Q-max =  620 ft3/s 
      
621 * 0.8 = 500 ft3/s 
621 * 0.9 = 560 ft3/s 
Qmax with non-critical flow on right of BB 
Fr 0.8 = 4730 ft3/s 
Fr 0.9 = 4790 ft3/s 
Table 7.1.14. Cross-section one Q-max calculations at North Saint Vrain Creek paleoflood site. 
Discharge was calculated for Q-max as-is, Q-max without critical flow in the secondary 
channel (due to dense vegetation), and for potential additional area for road washout during 




Q-max (additional area for road wash out, all critical flow) 
Conservative Estimate 
Avg depth =  4.1 ft 
Width =  137 ft 
      
Q-max =  4.1 ft x 137 ft * (4.1 ft x 32.2 ft/sec2)0.5 
Q-max =  6430 ft3/s 
Large Estimate 
Avg depth =  4.2 ft 
Width = 147 ft 
      
Q-max =  4.2 ft x 147 ft * (4.2 ft x 32.2 ft/sec2)0.5 
Q-max =  7150 ft3/s 
Q-max STAT -35-90 (additional area for road wash out) 
Conservative Road Area Estimate 
Avg depth =  4.4 ft 
Width =  111 ft 
      
Q-max =  3.9 ft x 111 ft * (3.9 ft x 32.2 ft/sec2)0.5 
Q-max =  5750 ft3/s 
Final Q-max (additional area for road wash out, non-critical 
flow right channel) 
Fr 0.8 = 6250 ft3/s 
Fr 0.9 = 6310 ft3/s 
Q-max STAT -35-90 (additional area for road wash out) 
Large Road Area Estimate 
Avg depth =  4.5 ft 
Width =  120 ft 
      
Q-max =  4.1 ft x 120 ft * (4.1 ft x 32.2 ft/sec2)0.5 
Q-max =  6540 ft3/s 
Final Q-max (additional area for road wash out, non-critical 
flow right channel) 
Fr 0.8 = 7040 ft3/s 
Fr 0.9 = 7100 ft3/s 
Table 7.1.15. Cross-section one Q-max calculations at North Saint Vrain Creek paleoflood site. 
Discharge was calculated for Q-max as-is, Q-max without critical flow in the secondary 
channel (due to dense vegetation), and for potential additional area for road washout during 
the 2013 floods continued. 
163 
 










-35 0       
0 0 LB road   0 
5 1.724   0.000 0.358 
10 4.042   2.256 2.676 
15 6.196   4.410 4.83 
20 6.072   4.286 4.706 
25 6.97 water pooling 5.184 5.604 
30 7.396   5.610 6.03 
35 7.236 LB water surface 5.450 5.87 
40 7.676   5.890 6.31 
45 8.21   6.424 6.844 
50 9.094   7.308 7.728 
55 8.616   6.830 7.25 
60 7.906   6.120 6.54 
65 7.186   5.400 5.82 
70 6.64   4.854 5.274 
75 6.302   4.516 4.936 
80 6.088 BB 4.302 4.722 
85 4.952   3.166 3.586 
90 4.076   2.290 2.71 
95 3.2   1.414 1.834 
100 2.364   0.578 0.998 
105 4.008 recent (2013?) HWM  2.222 2.642 
110 5.514   3.728 4.148 
115 5.928   4.142 4.562 
120 6.304   4.518 4.938 
125 5.846   4.060 4.48 
130 3.866 HWM 2.080 2.5 
135 1.366 last ft above NIS 0.000 0 
Other Stations: 
62 7.392 RB water surface     
82.5 5.61 HWM (poor)     
99 1.786 Top BB     
Table 7.1.16. Cross-section two measurements at North Saint Vrain Creek paleoflood site. 
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Road Wash-Out Area Estimates Cross-Section 2 
Conservative Estimate 





  -30 0.6 
  -25 1.1 
 
LB water surface 
-20 1.7 0.0 
 -15 2.2 0.4 
 -10 2.7 0.9 
 -5 3.4 1.6 
 0 3.9 2.1 
 5 4.4 2.6 
 10 5.0 3.2 
 15 5.5 3.7 
 20 6.1 4.3 
 Large Estimate 




-35 0.1 0.0 LB water surface 
-30 4.0 2.2  
-25 6.6 4.8  
-20 6.7 4.9  
-15 6.7 4.9  
-10 6.9 5.1  
-5 6.9 5.1  
0 7.0 5.2  
5 7.1 5.3  
10 7.1 5.3  
15 7.2 5.4  
20 7.3 5.5  
25 7.3 5.5  
30 7.4 5.6  






Figure 7.1.31. North Saint Vrain Creek cross-section two. 
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North Saint Vrain Creek Cross-Section 2 Q-max 
Calculations 
Q-max (all at critical flow, no geometry changes) 
Avg depth =   4.1 ft 
Width = 129 ft 
      
Q-max =  4.1 ft x 129 ft * (4.1 ft x 32.2 32.2 ft/sec2)0.5 
Q-max =  6120 ft3/s 
Q-max STAT 0-95 (critical flow) 
Avg depth =  4.5 ft 
Width = 90 ft 
      
Q-max =  4.5 ft x 90 ft * (4.5 ft x 32.2 32.2 ft/sec2)0.5 
Q-max =  4890 ft3/s 
Q-max STAT 100-135 (non-critical flow) 
Avg depth =  2.7 ft 
Width = 34 ft 
      
Q-max =  2.7 ft x 34 ft * (2.7 ft x 32.2 32.2 ft/sec2)0.5 




840 * 0.8 = 670 ft3/s 
840 * 0.9 = 760 ft3/s 
Qmax with non-critical flow on right of BB 
Fr 0.8 = 5560 ft3/s 
Fr 0.9 = 5650 ft3/s 
Table 7.1.18. Cross-section one Q-max calculations at North Saint Vrain Creek paleoflood site. 
Discharge was calculated for Q-max as-is, Q-max without critical flow in the secondary 
channel (due to dense vegetation), and for potential additional area for road washout during 




Q-max (additional area for road wash out, all critical flow) 
Conservative Estimate 
Avg depth =  3.7 ft 
Width =  153 ft 
      
Q-max =  3.7 ft x 153 ft * (3.7 ft x 32.2 32.2 ft/sec2)0.5 
Q-max =  6190 cfs 
Large Estimate 
Avg depth =  4.4 ft 
Width = 169 ft 
      
Q-max =  4.4 ft x 169 ft * (4.4 ft x 32.2 32.2 ft/sec2)0.5 
Q-max =  8880 ft3/s 
Q-max STAT -35-95 (additional area for road wash out) 
Conservative Road Area Estimate 
Avg depth =  4.1 ft 
Width =  118 ft 
      
Q-max =  4.1 ft x 118 ft * (4.1 ft x 32.2 32.2 ft/sec2)0.5 
Q-max =  5500 ft3/s 
Final Q-max (additional area for road wash out, non-critical 
flow right channel) 
Fr 0.8 = 6170 ft3/s 
Fr 0.9 = 6260 ft3/s 
Q-max STAT -35-95 (additional area for road wash out) 
Large Road Area Estimate 
Avg depth =  4.5 ft 
Width =  120 ft 
      
Q-max =  5.0 ft x 135 ft * (5.0 ft x 32.2 32.2 ft/sec2)0.5 
Q-max =  8450 ft3/s 
Final Q-max (additional area for road wash out, non-critical 
flow right channel) 
Fr 0.8 = 9120 ft3/s 
Fr 0.9 = 9210 ft3/s 
Table 7.1.19. Cross-section one Q-max calculations at North Saint Vrain Creek paleoflood site. 
Discharge was calculated for Q-max as-is, Q-max without critical flow in the secondary 
channel (due to dense vegetation), and for potential additional area for road washout during 
the 2013 floods continued.  
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North Saint Vrain Creek Cross-Section 2 Q-NIS 
Calculations 
Q-NIS (all at critical flow, no geometry changes) 
Avg depth =   3.9 ft 
Width = 131 ft 
      
Q-NIS =  3.9 ft x 131 ft * (3.9 ft x 32.2 32.2 ft/sec2)0.5 
Q-NIS =  6780 ft3/s 

















-37 0.000 at road edge LB     
0 0.000   0.000   
5 1.952   1.584 0.000 
10 2.588   2.220 0.538 
15 3.402   3.034 1.352 
20 4.958   4.590 2.908 
25 6.636   6.268 4.586 
30 7.948   7.580 5.898 
35 8.616   8.248 6.566 
40 10.284   9.916 8.234 
45 10.976   10.608 8.926 
50 11.228   10.86 9.178 
55 11.030   10.662 8.98 
60 10.362   9.994 8.312 
65 9.276 RB water surface 8.908 7.226 
70 6.566   6.198 4.516 
75 4.204   3.836 2.154 
80 2.612   2.244 0.562 
85 1.368   1.000 -0.682 
90 0.368   0.000 -1.682 
95 2.668   2.300 0.618 
100 3.168   2.800 1.118 
105 2.268   1.900 0.218 
110 2.368   2.000 0.318 
115 2.468   2.100 0.418 
120 2.668   2.300 0.618 
125 3.168   2.800 1.118 
130 2.368   2.000 0.318 
135 1.368   1.000 0.000 
140 0.368 NIS/Qmax 0.000   
Other Stations 
38 9.468 LB water surface   
74 5.036 HWM, soils and veg stripped   
21 2.050 HWM (2013) - flotsam on tree   
Table 7.1.21. Cross-section three measurements at North Saint Vrain Creek paleoflood site. 
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Road Wash-Out Area Estimates Cross-Section 3 
Conservative Estimate 




-35 0.1 0.0   
-30 0.4 0.1   
-25 0.8 0.5   
-20 1.0 0.7 
 -15 1.4 1.1   
-10 1.7 1.4   
-5 2.0 1.7 
LB water 
surface 
0 2.4 2.1   
5 2.7 2.4   
10 3.0 2.7   
15 3.4 3.1   
Large Estimate 




-35 2.4 2.1 
LB water 
surface 
-30 5.8 5.5  
-25 6.2 5.9   
-20 6.5 6.2   
-15 6.8 6.5   
-10 7.2 6.9   
-5 7.5 7.2   
0 7.8 7.5   
5 8.2 7.9   
10 8.6 8.3   
15 8.9 8.6   
20 9.2 8.9   
25 9.6 9.3  
30 9.9 9.6  
35 10.2 9.9  
40 10.6 10.3  
45 10.9 10.6  
Table 7.1.22. Estimated area added to the cross-sectional area due to road wash out from the 




Figure 7.1.32. North Saint Vrain Creek cross-section three. 
172 
 
North Saint Vrain Creek Cross-Section 3 Q-max 
Calculations 
Q-max (all at critical flow, no geometry changes) 
Avg depth =   4.5 ft 
Width = 139 ft 
      
Q-max =  4.5 ft x 139 ft * (4.5 ft x 32.2 32.2 ft/sec2)0.5 
Q-max =  7620 ft3/s 
Q-max STAT 0-90 (critical flow) 
Avg depth =  4.5 ft 
Width = 89 ft 
      
Q-max =  4.5 ft x 89 ft * (4.5 ft x 32.2 32.2 ft/sec2)0.5 
Q-max =  7400 ft3/s 
Q-max STAT 95-140 (non-critical flow) 
Avg depth =  1.9 ft 
Width = 45 ft 
      
Q-max =  1.9 ft x 45 ft * (1.9 ft x 32.2 32.2 ft/sec2)0.5 




840 * 0.8 = 540 ft3/s 
840 * 0.9 = 610 ft3/s 
Qmax with non-critical flow on right of BB 
Fr 0.8 = 7940 ft3/s 
Fr 0.9 = 8010 ft3/s 
Table 7.1.23. Cross-section three Q-max calculations at North Saint Vrain Creek paleoflood 
site. Discharge was calculated for Q-max as-is, Q-max without critical flow in the secondary 
channel (due to dense vegetation), and for potential additional area for road washout during 




Q-max (additional area for road wash out, all critical flow) 
Conservative Estimate 
Avg depth =  3.9 ft 
Width =  171 ft 
      
Q-max =  3.9 ft x 171 ft * (3.9 ft x 32.2 32.2 ft/sec2)0.5 
Q-max =  7330 cfs 
Large Estimate 
Avg depth =  5.7 ft 
Width = 168 ft 
      
Q-max =  5.7 ft x 168 ft * (5.7 ft x 32.2 32.2 ft/sec2)0.5 
Q-max =  12810 ft3/s 
Q-max STAT -35-90 (additional area for road wash out) 
Conservative Road Area Estimate 
Avg depth =  4.7 ft 
Width =  121 ft 
      
Q-max =  4.7 ft x 121 ft * (4.7 ft x 32.2 32.2 ft/sec2)0.5 
Q-max =  6900 ft3/s 
Final Q-max (additional area for road wash out, non-critical 
flow right channel) 
Fr 0.8 = 7440 ft3/s 
Fr 0.9 = 7510 ft3/s 
Q-max STAT -35-90 (additional area for road wash out) 
Large Road Area Estimate 
Avg depth =  7.1 ft 
Width =  118 ft 
      
Q-max =  7.1 ft x 118 ft * (7.1 ft x 32.2 32.2 ft/sec2)0.5 
Q-max =  12630 ft3/s 
Final Q-max (additional area for road wash out, non-critical 
flow right channel) 
Fr 0.8 = 13170 ft3/s 
Fr 0.9 = 13240 ft3/s 
Table 7.1.24. Cross-section three Q-max calculations at North Saint Vrain Creek paleoflood 
site continued. Discharge was calculated for Q-max as-is, Q-max without critical flow in the 
secondary channel (due to dense vegetation), and for potential additional area for road 
washout during the 2013 floods. 
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Final Paleoflood Discharge Calculations 
North Saint Vrain Creek (conservative road 
wash out, non-critical flow at Fr = 0.9 in 
secondary channel) 
Slope = 0.020  m/m 
Q-max or Q2013=  (6310 + 6260 + 7510)/3 
Q-max or Q2013=  6690  ft3/s 
Q-max or Q2013= 190  m3/s 





7.1.3. South Saint Vrain Creek 
7.1.3.1. Photographs 
 
Figure 7.1.33. View of South Saint Vrain Creek site looking downstream. A boulder bar is 





Figure 7.1.34. View of South Saint Vrain Creek site looking downstream. A boulder bar is 










Figure 7.1.36. View of South Saint Vrain Creek cross-section number one from top of boulder 




Figure 7.1.37. View of cross-section one from boulder bar looking towards left bank. A 
secondary channel with slackwater deposits is visible here, with thicker vegetation between the 









Figure 7.1.39. View of boulder bar at cross-section one from the secondary channel. 2013 flood 












Figure 7.1.41. View of boulder bar along left bank at South Saint Vrain Creek site, looking 





Figure 7.1.42. View of boulder bar along left bank at South Saint Vrain site, looking 











Figure 7.1.44. View of bedrock wall along right bank at South Saint Vrain Creek site. Lichen 





Figure 7.1.45. View of boulder bar (left side of image) and secondary channel (right side of 





Figure 7.1.46. View of South Saint Vrain Creek cross-section number two from top of boulder 











Figure 7.1.48. View of South Saint Vrain Creek cross-section three from top of boulder bar 





Figure 7.1.49. Close up view of boulder bar at cross-section three. Rocks are more weathered 
than at cross-section one and two, indicating the 2013 floods likely did not completely inundate 










Figure 7.1.51. View of boulder bar on left bank, standing at the edge of the current channel. A 





Figure 7.1.52. Close up view of buried soil horizon in boulder bar on left bank. A thin layer rich 




Figure 7.1.53. View of buried soil horizon along boulder bar on left bank. A thin layer rich in 
organic material is evident between two layers of alluvial deposits. 
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7.1.3.2. Paleoflood Discharge Calculations 









0 0.00 edge of road (LB)   
14 2.848     
24 6.634 graded from road   
35 9.238 above brush   
46 0.000   0.000 
49 0.418   0.418 
52 0.918   0.918 
55 1.318   1.318 
58 1.618   1.618 
61 2.318   2.318 
64 2.518   2.518 
67 2.918   2.918 
70 4.100 thick brush 4.100 
73 4.638 LB secondary channel 4.638 
76 5.316   5.316 
79 5.306   5.306 
82 4.940   4.940 
85 4.112 RB secondary channel 4.112 
88 2.892 LB BB 2.892 
91 1.754   1.754 
94 1.190   1.190 
97 0.752   0.752 
100 0.000 top BB – Q-max 0.000 
103 1.094   1.094 
106 2.158   2.158 
109 4.694   4.694 
112 6.918   6.918 
115 9.534 LB water surface 9.534 
118 11.266   11.266 
121 12.314   12.314 
124 12.132   12.132 
Table 7.1.26. Cross-section one measurements at South Saint Vrain Creek paleoflood site. 
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127 12.182   12.182 
130 12.418   12.418 
133 12.134 Thalweg 12.134 
136 12.310 Thalweg 12.310 
139 12.027   12.027 
142 11.518   11.518 
145 10.593 RB water surface 10.593 
148 9.558 RB vegetation 9.558 
151 7.752   7.752 
154 6.586 below rock face 6.586 
157 2.382 Bedrock wall 2.382 






Figure 7.1.54. South Saint Vrain Creek cross-section one. 
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South Saint Vrain Creek Cross-Section Q-max 
Calculations 
Avg depth =  5.7 ft 
Width =  113 ft 
      
Q-max=  5.7 ft x 113 ft * (5.7 ft x 32.2 ft/sec2)0.5 
Q-max =  8700 ft3/s 














0 0.000 L side of road   
46 7.024 edge of road 0.000 
73 18.910   0.174 
78 19.040   0.304 
82 19.614   0.878 
85 20.138   1.402 
88 20.758 cactus 2.022 
91 21.148   2.412 
94 21.640   2.904 
97 22.136 Road construction - graded slope/rip rap 3.400 
100 21.952 LB 2nd channel 3.216 
103 21.676   2.940 
106 21.424 (Hasn't been inundated lately) 2.688 
109 21.228 end of BB/2nd channel RB 2.492 
112 20.962   2.226 
115 20.218   1.482 
118 18.736 Q-max – top BB 0.000 
121 19.528   0.792 
124 22.708   3.972 
127 22.462   3.726 
130 23.324 secondary BB 4.588 
133 23.812   5.076 
136 24.308   5.572 
139 25.356   6.620 
142 24.826   6.090 
145 25.008   6.272 
148 25.906   7.170 
151 27.556 large boulders then SWD 8.820 
154 29.736 LB water surface 11.000 
157 30.162   11.426 













160 30.658   11.922 
163 30.774   12.038 
166 31.264 Thalweg  12.528 
169 31.400 Thalweg 12.664 
172 31.166   12.43 
175 31.450 rapids/riffles 12.714 
178 30.652 RB water surface 11.916 
181 28.672   9.936 
184 24.030 Bedrock wall 5.294 





Figure 7.1.55. South Saint Vrain Creek cross-section two. 
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South Saint Vrain Creek Cross-Section 2 Q-max 
Calculations 
Avg depth =  5.6 ft 
Width =  111 ft 
      
Q-max =  5.6 ft x 111 ft * (5.4 ft x 32.2 ft/sec2)0.5 
Q-max =  8200 ft3/s 














0 0.000 graded from road   
28 10.880   0.000 
31 11.968   1.088 
34 12.868   1.988 
37 13.824   2.944 
40 14.962 downstream tree obstruction 4.082 
43 15.050   4.170 
46 14.974 HWM for smaller flood (debris) 4.094 
49 14.628   3.748 
52 14.302   3.422 
55 13.954   3.074 
58 13.880   3.000 
61 13.668   2.788 
64 12.382 RB secondary channel 1.502 
67 11.528   0.648 
70 10.880 Top of highest BB (Q-max) 0.000 
73 12.626   1.746 
76 14.198   3.318 
79 15.102   4.222 
82 16.138   5.258 
85 18.828 Base of larger BB 7.948 
88 19.362   8.482 
91 19.230   8.350 
94 19.246   8.366 
97 19.562   8.682 
100 19.662   8.782 
103 19.514   8.634 
106 20.040   9.160 
109 20.940 top of BB1 (floodplain) 10.060 
112 21.012   10.132 
115 23.560 LB water surface 12.680 
118 23.934   13.054 
Table 7.1.32. Cross-section three measurements at South Saint Vrain Creek paleoflood site. 
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121 24.244   13.364 
124 24.190 riffes/rapids - thalweg 13.310 
127 24.668 end of pool 13.788 
130 24.170 pool 13.290 
133 22.654 RB water surface 11.774 
136 21.704   10.824 
139 20.736   9.856 
142 19.178   8.298 




151 13.094 Bedrock wall 2.214 





Figure 7.1.56. South Saint Vrain Creek cross-section three. 
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South Saint Vrain Creek Cross-Section 3 Q-max 
Calculations 
Avg depth =  6.5 ft 
Width =  123 ft 
      
Q-max =  6.5 ft x 123 ft * (6.5 ft x 32.2 ft/sec2)0.5 
Q-max =  11500 ft3/s 
Table 7.1.34. Cross-section three discharge at South Saint Vrain Creek paleoflood site. 
 
Final Paleoflood Discharge Calculations South 
Saint Vrain Creek 
Slope = 0.029 m/m 
Q-max =  (8700 + 8200 + 11500)/3 
Q-max =  9500 ft3/s 
Q-max =  269 m3/s 
Table 7.1.35. Final discharge calculations at the South Saint Vrain Creek paleoflood site, using 
the critical depth method. 
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7.1.4. Left Hand Creek 
7.1.4.1. Photographs 
 





Figure 7.1.58. Downstream view of Left Hand Creek site. 
 




















7.1.4.2. Paleoflood Discharge Calculations 















0 0.420 LB - NIS 0.000   0.000 
5 1.610   1.190   0.610 
10 2.144 Q-max: Scour 1.724 0.000 1.144 
15 2.522   2.102 0.378 1.522 
20 3.928 HWM 3.508 1.784 2.928 
25 6.860 LB water surface 6.440 4.716 5.860 
30 7.910 Thalweg 7.490 5.766 6.910 
35 7.868   7.448 5.724 6.868 
40 7.560   7.140 5.416 6.560 
45 7.684   7.264 5.540 6.684 
50 7.712   7.292 5.568 6.712 
55 5.372   4.952 3.228 4.372 
60 4.486   4.066 2.342 3.486 
65 3.690 HWM 3.270 1.546 2.690 
70 0.000 NIS 0.000 0.000 0.000 
            
54 7.14 RB water surface       





Figure 7.1.63. Left Hand Creek cross-section one. 
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Left Hand Creek Cross-Section 1 Q-NIS 
Calculations 
Q-NIS RB 
Avg depth = 4.7 ft 
Width = 70 ft 
      
Q-NIS =  4.7 ft x 70 ft * (4.7 ft x 32.2 ft/sec2)0.5 
Q-NIS = 4000 ft3/s 
Q-NIS LB 
Avg depth =  4.6 ft 
Width =  69 ft 
      
Q-NIS =  4.6 ft x 69 ft * (4.6 ft x 32.2 ft/sec2)0.5 
Q-NIS = 3800 ft3/s 
Q-NIS Average 
Avg = (4000 + 3800)/2 
Avg = 3900 ft3/s 





Left Hand Creek Cross-Section 1 Q-max/Q2013 
Calculations 
Q-max LB 
Avg depth = 3.5 ft 
Width = 57 ft 
      
Q-max=  3.5 ft x 57 ft * (3.5 ft x 32.2 ft/sec2)0.5 
Q-max = 2100 ft3/s 
Q-max RB 
Avg depth =  4.0 ft 
Width =  58 ft 
      
Q-max=  4.0 ft x 58 ft * (4.0 ft x 32.2 ft/sec2)0.5 
Q-max = 2700 ft3/s 
Q-max Average 
Avg = (2100 + 2700) /2 
Avg = 2400 ft3/s 




















0 0.000 NIS       
5 0.680         
15 1.604   0.000     
20 2.594 Q-max 0.446 0.000 0.000 
25 5.274   3.126 2.680 2.126 
30 7.208 
LB water 
surface 5.060 4.614 4.060 
35 8.13   5.982 5.536 4.982 
40 8.666   6.518 6.072 5.518 
45 8.496   6.348 5.902 5.348 
50 8.486 Thalweg 6.338 5.892 5.338 
55 7.298   5.150 4.704 4.150 
60 7.028 
RB water 
surface 4.880 4.434 3.880 
65 6.430   4.282 3.836 3.282 
70 5.596   3.448 3.002 2.448 
75 2.148 
NIS; Q-max ~1' 
below 0.000 0.000 0.000 





Figure 7.1.64. Left Hand Creek cross-section two. 
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Left Hand Creek Cross-Section 2 Q-NIS 
Calculations 
Q-NIS RB 
Avg depth = 4.3 ft 
Width = 57  ft 
      
Q-NIS =  4.3 ft x 57 ft * (4.3 ft x 32.2 ft/sec2)0.5 
Q-NIS = 2900 ft3/s 
Q-NIS LB 
Avg depth =  5.3 ft 
Width =  75 ft 
      
Q-NIS =  5.3 ft x 75 ft * (5.3 ft x 32.2 ft/sec2)0.5 
Q-NIS = 5200 ft3/s 
Q-NIS Average 
Avg = (2900+5200)/2 
Avg = 4050 ft3/s 





Left Hand Creek Cross-Section 2 Q-max/Q2013 
Calculations 
Q-max LB 
Avg depth = 4.2 ft 
Width = 55 ft 
      
Q-max=  4.2 ft x 55 ft * (4.2 ft x 32.2 ft/sec2)0.5 
Q-max = 2700 ft3/s 
Q-max RB 
Avg depth =  3.7 ft 
Width =  57 ft 
      
Q-max=  3.7 ft x 57 ft * (3.7 ft x 32.2 ft/sec
2)0.5 
Q-max = 2300 ft3/s 
Q-max Average 
Avg = (2700+2300)/2 
Avg = 2500 ft3/s 

















0 0 Hillslope colluvium     
5 3.710       
7 5.334 BIS - NIS 0.000   
10 7.550 Q-max - SWD 2.216 0.000 
15 8.556   3.222 1.006 
20 9.688   4.354 2.138 
25 11.17   5.836 3.620 
30 11.742 LB water surface 6.408 4.192 
35 12.682   7.348 5.132 
40 14.042   8.708 6.492 
45 12.202 RB water surface 6.868 4.652 
50 10.788 cobbles 3-7 in 5.454 3.238 
55 10.668   5.334 3.118 
60 10.302 end cobble bar 4.968 2.752 
65 10.182 road grade 4.848 2.632 
70 9.184 large boulders and brush 3.85 1.634 
75 7.366   2.032 0.000 
80 3.824   0.000   
85 1.336       





Figure 7.1.65. Left Hand Creek cross-section three. 
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Left Hand Creek Cross-Section 3 Q-NIS and Q-
max/Q2013 Calculations 
Q-NIS 
Avg depth =  4.8 ft 
Width = 73 ft 
      
Q-NIS =  4.8 ft x 73 ft * (4.8 ft x 32.2 ft/sec2)0.5 
Q-NIS =  4300 ft3/s 
      
Q-max/Q2013 
Avg depth =  3.1 ft 
Width = 68 ft 
      
Q-max =  3.1 ft x 68 ft * (3.1 ft x 32.2 ft/sec2)0.5 
Q-max =  2100 ft3/s 
Table 7.1.43. Cross-section three discharge calculations at Left Hand Creek paleoflood site. 
 
Final Paleoflood Discharge Calculations 
Left Hand Creek 
Slope = 0.013  m/m 
Q-max/Q2013=  (2400+2500+2100)/3 = 
Q-max/Q2013=  2300  ft3/s 
Q-max/Q2013= 65.1  m3/s 
QNIS=  (3900+4050+4300)/3 = 
 QNIS= 4100  ft3/s 
QNIS=  116  m3/s 





7.1.5. Ralston Creek 
7.1.5.1. Photographs 
7.1.5.1.1. Ralston Creek Site One 
 
Figure 7.1.66. Upstream view of Ralston Creek from cross-section one (located near where R. 













































Figure 7.1.74. Upstream view of 2013 flood gravel and cobble at right bank (and d/s from 
















7.1.5.1.2. Ralston Creek Site Two 
 
Figure 7.1.77. Upstream view of cross-section three at site two, which is located further 










Figure 7.1.79. View from top of right bank (same location from previous photograph), but view 

































7.1.5.2. Paleoflood Discharge Calculations 






















NIS (road on 
LB)       0.000 0.400 
4 3.064 BIS - Qmax 0.000 0.000   1.496 1.896 
8 4.320 2013 HWM 1.256 0.380 0.000 2.752 3.152 
12 5.520   2.456 1.580 1.200 3.952 4.352 
16 4.588 top 2013 FB 1.524 0.648 0.268 3.020 3.420 
20 6.698   3.634 2.758 2.378 5.130 5.530 
24 7.418 LB water edge 4.354 3.478 3.098 5.850 6.250 
28 8.136   5.072 4.196 3.816 6.568 6.968 
32 7.804   4.740 3.864 3.484 6.236 6.636 
34 7.364 RB water edge           
36 4.398 
top 2013 FB 
2.5'x18"x18" 1.334 0.458 0.078 2.830 3.230 
40 5.992   2.928 2.052 1.672 4.424 4.824 
44 5.992 HWM 2013 2.928 2.052 1.672 4.424 4.824 
48 5.992 
very dense 
brush 2.928 2.052 1.672 4.424 4.824 
52 5.992   2.928 2.052 1.672 4.424 4.824 
56 3.940 Qmax 0.876 0.000 0.000 2.372 2.772 
60 1.168 NIS 0.000     0.000 0.000 
64 0.000             





Figure 7.1.85. Ralston Creek cross-section one, located at site one. 
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Ralston Creek Cross-Section 1 Q-NIS Calculations 
Q-NIS LB 
Avg depth = 3.9 ft 
Width = 60 ft 
      
Q-NIS =  3.9 ft x 60 ft * (3.9 ft x 32.2 ft/sec2)0.5 
Q-NIS = 2600 ft3/s 
Q-NIS RB 
Avg depth =  4.0 ft 
Width =  60 ft 
      
Q-NIS =  4.0 ft x 60 ft * (4.0 ft x 32.2 ft/sec2)0.5 
Q-NIS = 2700 ft3/s 
Q-NIS Average 
Avg = (2600 + 2700)/2 
Avg = 2650 ft3/s 




Ralston Creek Cross-Section 1 Q-max Calculations 
Q-max LB 
Avg depth = 2.6 ft 
Width = 53 ft 
      
Q-max=  2.6 ft x 53 ft * (2.6 ft x 32.2 ft/sec2)0.5 
Q-max = 1300 ft3/s 
Q-max RB 
Avg depth =  2.0 ft 
Width =  49 ft 
      
Q-max=  2.0 ft x 49 ft * (2.0 ft x 32.2 ft/sec2)0.5 
Q-max = 800 ft3/s 
Q-max Average 
Avg = (1300 + 800) /2 
Avg = 1050 ft3/s 
Table 7.1.47. Cross-section one Q-max discharge calculations at Ralston Creek paleoflood site. 
 
Ralston Creek Cross-Section 1 Q-2013 Calculations 
Avg depth =  1.8 ft 
Width =  47 ft 
      
Q-2013 =  1.8 ft x 47 ft * (1.8 ft x 32.2 ft/sec2)0.5 
Q-2013 = 620 ft3/s 




















0 4.058 LB (road above)       
4 5.534 BIS – Q-max (poor) 0.000     
8 6.716 
2013 HWM (small woody 
debris) 1.182 0.000 0.000 
12 9.260   3.726 2.544 1.260 
16 8.918   3.384 2.202 0.918 
20 11.464 Lb water surface 5.930 4.748 3.464 
24 11.922   6.388 5.206 3.922 
28 12.392   6.858 5.676 4.392 
32 11.490 RB water surface 5.956 4.774 3.490 
36 9.5180   3.984 2.802 1.518 
40 10.054   4.520 3.338 2.054 
44 8.000 2013 HWM 2.466 1.284 0.000 
48 4.000   0.000 0.000   
52 0.000         





Figure 7.1.86. Ralston Creek cross-section two, located at site one. 
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Ralston Creek Cross-Section 2 Q-max Calculations 
Avg depth =  4.0 ft 
Width =  43 ft 
      
Q-max=  4.0 ft x 43 ft * (4.0 ft x 32.2 ft/sec2)0.5 
Q-max = 2000 ft3/s 
Table 7.1.50. Cross-section two Q-max discharge calculations at Ralston Creek paleoflood site. 
Ralston Creek Cross-Section 2 Q-2013 Calculations 
Q-2013 RB 
Avg depth = 2.3 ft 
Width = 34 ft 
      
Q-2013 =  2.3 ft x 34 ft * (2.3 ft x 32.2 ft/sec2)0.5 
Q-2013 = 700 ft3/s 
Q-2013 LB 
Avg depth =  2.1 ft 
Width =  54 ft 
      
Q-2013 =  2.1 ft x 54 ft * (2.1 ft x 32.2 ft/sec2)0.5 
Q-2013 = 950 ft3/s 
Q-2013 Average 
Avg =  (950+700)/2 
Avg = 825 ft3/s 




















0 0.000 NIS       
4 0.988         
8 0.828 BIS - Qmax 0.000     
12 1.650   0.822     
16 1.910 2013 HWM (good) 1.082 0.000   
20 2.110 lower end HWM 1.282 0.200   
24 2.262   1.434 0.352 0.000 
28 2.574   1.746 0.664 0.182 
32 2.916   2.088 1.006 0.524 
36 3.070 top of bank 2.242 1.160 0.678 
40 6.366   5.538 4.456 3.974 
44 6.774 LB water edge 5.946 4.864 4.382 
48 6.280   5.452 4.37 3.888 
52 7.024   6.196 5.114 4.632 
56 6.784 RB water edge 5.956 4.874 4.392 
60 3.982 
moderately dense 
brush 3.154 2.072 1.590 
64 2.392 HWM 2013 (poor) 1.564 0.482 0.000 
68 2.070   1.242 0.160   
72 1.702   0.874 0.000   
76 1.662   0.834     
80 0.702   0.000     
84 0.974         
88 1.148         
92 1.148         
95  1.148 
steep bank up from 
here       





Figure 7.1.87. Ralston Creek cross-section three, located at site two. 
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Ralston Creek Cross-Section 3 Q-NIS Calculations 
Avg depth =  2.7 ft 
Width =  95 ft 
      
Q-NIS=  2.7 ft x 95 ft * (2.8 ft x 32.2 ft/sec2)0.5 
Q-NIS = 2500 ft3/s 
Table 7.1.53. Cross-section three Q-NIS discharge calculations at Ralston Creek paleoflood 
site. 
 
Ralston Creek Cross-Section 3 Q-max Calculations 
Avg depth =  2.6 ft 
Width =  71 ft 
      
Q-max=  2.6 ft x 71 ft * (2.6 ft x 32.2 ft2/sec)0.5 
Q-max = 1700 ft3/s 






Ralston Creek Cross-Section 3 Q-2013 Calculations 
Q-2013 RB 
Avg depth = 2.4 ft 
Width = 38 ft 
      
Q-2013 =  2.4 ft x 38 ft * (2.4 ft x 32.2 ft/sec2)0.5 
Q-2013 = 814 ft3/s 
Q-2013 LB 
Avg depth =  3.3 ft 
Width =  36 ft 
      
Q-2013 =  3.3 ft x 36 ft * (3.3 ft x 32.2 ft/sec2)0.5 
Q-2013 = 1200 ft3/s 
Q-2013 Average 
Avg =  (700+1200)/2 
Avg = 950 ft3/s 



















RB (ft)  
0 0.948         
4 1.874 BIS – Q-max 0.000     
8 1.882 Q-max 0.008     
12 2.266   0.392   0.000 
16 3.080 BIS 2013 1.206 0.000 0.278 
20 4.474   2.600 1.394 1.672 
24 5.814   3.940 2.734 3.012 
28 6.718 LB water edge 4.844 3.638 3.916 
32 7.492   5.618 4.412 4.690 
36 7.224   5.350 4.144 4.422 
40 6.690 RB water edge 4.816 3.610 3.888 
44 5.574 ground 3.70 2.494 2.772 
44 4.678 HWM (poor) tree 2.804 1.598 1.876 
48 4.958   3.084 1.878 2.156 
52 2.802 2013 HWM poor 0.928 0.000 0.000 
56 1.860 BIS Q-max 0.000     
60 1.250         
64 1.042         
68 0.000 NIS       
72 0.000         





Figure 7.1.88. Ralston Creek cross-section four, located at site two. 
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Ralston Creek Cross-Section 4 Q-NIS Calculations 
Avg depth =  3.7 ft 
Width =  68 ft 
      
Q-NIS=  3.7 ft x 68 ft * (3.7 ft x 32.2 ft/sec2)0.5 
Q-NIS = 2800 ft3/s 
Table 7.1.57. Cross-section four Q-NIS discharge calculations at Ralston Creek paleoflood site. 
 
Ralston Creek Cross-Section 4 Q-max Calculations 
Avg depth =  2.8 ft 
Width =  52 ft 
      
Q-max=  2.8 ft x 52 ft * (2.8 ft x 32.2 ft/sec2)0.5 
Q-max = 1400 ft3/s 






Ralston Creek Cross-Section 4 Q-2013 Calculations 
Q-2013 RB 
Avg depth = 2.6 ft 
Width = 39 ft 
      
Q-2013 =  2.6 ft x 39 ft * (2.6 ft x 32.2 ft/sec2)0.5 
Q-2013 = 930 ft3/s 
Q-2013 LB 
Avg depth =  2.6 ft 
Width =  37 ft 
      
Q-2013 =  2.6 ft x 37 ft * (2.6 ft x 32.2 ft/sec2)0.5 
Q-2013 = 880 ft3/s 
Q-2013 Average 
Avg =  (930+880)/2 
Avg = 905 ft3/s 
Table 7.1.59. Cross-section four Q-2013 discharge calculations at Ralston Creek paleoflood 
site. 
Final Paleoflood Discharge Calculations 
Ralston Creek 
Slope = 0.027 m/m 
Q2013=  (620 + 825 + 950 + 905)/4 
 Q2013= 830 ft3/s 
Q2013= 23.5  m3/s 
Q-max=  (1050 + 2000 + 1700 + 1400)/4 
Q-max=  1540  ft3/s 
Q-max= 43.6 m3/s 
QNIS=  (2650 + 2500 + 2800)/4 
 QNIS= 2650 ft3/s 
QNIS=  75.0 m3/s 





7.1.6. Van Bibber Creek 
7.1.6.1. Photographs 
 






Figure 7.1.90. View of left bank of cross-section one. Several partially buried, weathered 




















Figure 7.1.94. Upstream view of channel along right side of the mid-channel bar between 






Figure 7.1.95. View of cross-section two from right bank. R. Jarrett standing on left bank with 
pole for scale. 
 
















Figure 7.1.99. Upstream view of right channel of mid-channel bar. Boulders 1-2 ft diameter up 







Figure 7.1.100. View of cross-section two from left bank; a mid-channel boulder bar is present 
































7.1.6.2. Paleoflood Discharge Calculations 















0 0.000         
5 1.308   0.000   0.000 
10 4.020   1.876 0.204 1.028 
15 4.992 HWM 2013 (fair) 2.848 1.176 2.000 
20 7.036   4.892 3.220 4.044 
25 7.048   4.904 3.232 4.056 
30 6.914   4.770 3.098 3.922 
35 5.226 HWM 2013 (fair) 3.082 1.410 2.234 
40 5.208   3.064 1.392 2.216 
45 5.482   3.338 1.666 2.490 
50 5.282   3.138 1.466 2.290 
55 4.166 Highest boulder in side BB 2.022 0.350 1.174 
60 5.506   3.362 1.690 2.514 
65 5.392 rock ~95% buried 3.248 1.576 2.400 
70 6.968 
water possibly coming around 
in ~1948 flood? 4.824 3.152 3.976 
75 7.544   5.400 3.728 4.552 
80 8.420 low point 6.276 4.604 5.428 
85 6.310 
top boulder - ~70% burial, 1ft 
diameter 4.166 2.494 3.318 
90 6.180 
boulder 2'x1'x1' - probably Q-
max 4.036 2.364 3.188 
95 6.728   4.584 2.912 3.736 
100 6.972   4.828 3.156 3.980 
105 6.732   4.588 2.916 3.740 
110 6.498   4.354 2.682 3.506 
115 6.024   3.880 2.208 3.032 
120 5.476   3.332 1.660 2.484 
125 3.816 Q-max/NIS? 1.672 0.000 0.824 
Other Stations 
8 2.144 NIS    
9 2.992 Q-max    









Figure 7.1.106. Van Bibber Creek cross-section one. 
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Van Bibber Creek Cross-Section 1 Discharge 
Calculations 
Q-NIS LB 
Avg depth = 3.7 ft 
Width = 117 ft 
      
Q-NIS =  3.7 ft x 117 ft * (3.7 ft x 32.2 ft/sec2)0.5 
Q-NIS = 4720 ft3/s 
Q-Max LB 
Avg depth =  2.9 ft 
Width =  116 ft 
      
Q-max =  2.9 ft x 116 ft * (2.9 ft x 32.2 ft/sec2)0.5 
Q-max = 3230 ft3/s 



















0 1.698         
5 3.390 
Q-max; NIS in between stat. 0 
and 5 1.390 0.000   
10 3.804 boulder deposits 1.804 0.414   
15 4.294   2.294 0.904   
20 6.952   4.952 3.562 0.404 
25 8.714   6.714 5.324 2.166 
30 9.742   7.742 6.352 3.194 
35 6.830 onto 4.5'x3'x1' imbricate BB(?) 4.830 3.440 0.282 
40 6.572   4.572 3.182 0.024 
45 6.548 top of BB 4.548 3.158 0.000 
50 7.940   5.940 4.550 1.392 
55 8.306   6.306 4.916 1.758 
60 9.060   7.060 5.670 2.512 
65 8.594   6.594 5.204 2.046 
70 10.00   8.000 6.610 3.452 
75 8.804   6.804 5.414 2.256 
80 7.014   5.014 3.624 0.466 
85 6.352   4.352 2.962   
90 5.652   3.652 2.262   
95 5.112 goes up and around bend 3.112 1.722   
100 0.000   0.000     






Figure 7.1.107. Van Bibber Creek cross-section two. 
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Van Bibber Creek Cross-Section 2 Discharge 
Calculations 
Q-NIS 
Avg depth = 4.8 ft 
Width = 92 ft 
      
Q-NIS =  4.8 ft x 92 ft * (4.8 ft x 32.2 ft/sec2)0.5 
Q-NIS = 5460 ft3/s 
Q-Max 
Avg depth =  2.9 ft 
Width =  116 ft 
      
Q-max =  3.6 ft x 92.5 ft * (3.6 ft x 32.2 ft/sec2)0.5 
Q-max = 3630 ft3/s 
Q-2013 
Avg depth =  2.9 ft 
Width =  116 ft 
    
Q-2013 =  1.5 ft x 64 ft * (1.5 ft x 32.2 ft/sec2)0.5 
Q-2013 = 690 ft3/s 




















0 0         
5 6.84 NIS (high) 5.296 3.906   
10 5.694   4.15 2.76   
15 6.592   5.048 3.658   
20 5.578   4.034 2.644   
25 4.422 top boulder 3'x'2'1.5' 2.878 1.488   
30 5.53   3.986 2.596   
35 5.248   3.704 2.314   
40 2.934 highest boulder 4.5'x3.3'x3' 1.39 0   
45 4.316   2.772 1.382   
50 3.418 B 4'x4.2'x3' top 1.874 0.484   
55 5.876   4.332 2.942   
60 6.216 2013 HWM fair 4.672 3.282   
65 7.532   5.988 4.598 0.914 
70 7.1 
top boulder -ground 2 ft 
lower 5.556 4.166 0.482 
75 7.552   6.008 4.618 0.934 
80 6.618 top 2013 FB 1.3'x1'x.8' 5.074 3.684 0 
85 8.582   7.038 5.648 1.964 
90 8.5   6.956 5.566 1.882 
95 10   8.456 7.066 3.382 
100 7.352   5.808 4.418 0.734 
105 6.764 top 2013 FB 5.22 3.83 0.146 
110 6.764   5.22 3.83 0.146 
115 5.234   3.69 2.3   
117 1.544 colluvium R bank 0     
120 1.378         






Figure 7.1.108. Van Bibber Creek cross-section three. 
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Van Bibber Creek Cross-Section 3 Discharge 
Calculations 
Q-NIS 
Avg depth = 4.5 ft 
Width = 115 ft 
      
Q-NIS =  4.5 ft x 115 ft * (4.5 ft x 32.2 ft/sec2)0.5 
Q-NIS = 6330 ft3/s 
Q-Max 
Avg depth =  3.4 ft 
Width =  114 ft 
      
Q-max =  3.4 ft x 114 ft * (3.4 ft x 32.2 ft/sec2)0.5 
Q-max = 3980 ft3/s 
Q-2013 
Avg depth =  1.1 ft 
Width =  50 ft 
    
Q-2013 =  1.1 ft x 50 ft * (1.1 ft x 32.2 ft/sec2)0.5 
Q-2013 = 310 ft3/s 




















0 -2.0 top of eroded colluvial bank    
2 0.0 
bottom of eroded bank = 0.5 ft higher 
than RB verflow low point. 
   
4 2.0      
6 3.7      
8 4.8      
10 5.7 slope of channel is ~3-4%    
12 5.7 cobble & occasional 1-2 ft dia boulders    
14 5.0 
about 50 ft downstream, slight channel 
contraction 
   
16 5.4      
18 5.2      
20 5.2      
22 4.5      
24 2.9      
26 1.5      
28 1.1      
30 0.0 
Pivot point of XS on RB; used bubble 
level to assure RB overflow at same 
datum at XSA 
   
32 0.7      
34 0.7      
36 0.6      
38 0.7 
1) no gravel, cobble or boulders in side 
channel, which would be indicative of 
overflow 
   
40 0.6      
42 0.6 
 
   
44 0.6      
46 0.5      
48 0.4      
50 0.4 
 
   
52 0      
54 -4      




Figure 7.1.109. Van Bibber Creek cross-section A, not used for Q-max estimates. 
285 
 












0 -2.0 v steep bank, thick brush 0.0 0.0 
4 1.8  Qmax @sta  0 = -0.5 ft BIS 4.8 3.3 
8 2.0 
sta 8-24 ft eroded older flood 
deposits 5.0 3.5 
12 1.4 
highest flood boulder 
(2'x1'x1')=2013HWM-0.5 ft 
due to slope 4.4 2.9 
16 2.5 
several imbricate boulder in 
deposit 5.5 4.0 
20 2.7  5.7 4.2 
24 4.7 toe flood bar 7.7 6.2 
28 5.1 slope ~ 2.5-3.5% 8.1 6.6 
32 5.1 
grass, gravel, and occ ~12" 
boulders 8.1 6.6 
36 5.7  8.7 7.2 
40 6.3 
LEW (H2O max depth = 0.4 
ft) 9.3 7.8 
44 6.6  9.6 8.1 
48 5.3 toe RB-FB 8.3 6.8 
52 3.3 top flood deposits (<2013) 6.3 4.8 
56 0.0 
at sta 60 ft: Qmax=-1.5 ft, 
thick, loose, organic mat 3.0 1.5 
60 -3.0 top large, dark gray boulder 0.0 0.0 





Figure 7.1.110. Van Bibber Creek cross-section B. 
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Van Bibber Creek Cross-Section B Discharge 
Calculations 
Q-NIS 
Avg depth = 6.3 ft 
Width = 60 ft 
      
Q-NIS =  6.3 ft x 60 ft * (6.3 ft x 32.2 ft/sec2)0.5 
Q-NIS = 5370 ft3/s 
Q-Max 
Avg depth =  4.9 ft 
Width =  60 ft 
      
Q-max =  4.9 ft x 60 ft * (4.9 ft x 32.2 ft/sec2)0.5 
Q-max = 3700 ft3/s 
















Qmax, uneroded, colluvial 
vegetated bank  0.0 
-2 -1.0 uneroded. Colluvial bank  1.0 
0 0.0 2013HWM g-fine debris 0.0 2.0 
2 2.4 LEW 2.4 4.4 
4 2.6  2.6 4.6 
6 2.6  2.6 4.6 
8 2.4 REW 2.4 4.4 
10 2.0  2.0 4.0 
12 2.0  2.0 4.0 
14 1.9  1.9 3.9 
16 2.1  2.1 4.1 
18 1.5  1.5 3.5 
20 0.5 top of 1 ft boulder 0.5 2.5 
22 0.3  0.3 2.3 
24 0.0 2013HWM f-g debris 0.0 2.0 
26 -1.7   0.3 
28 -2.0 Qmax, edge of DF boulders  0.0 





Figure 7.1.111. Van Bibber Creek cross-section C, not used for Q-max estimates. 
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Van Bibber Creek Cross-Section C Discharge 
Calculations 
Q-2013 
Avg depth = 1.7 ft 
Width = 24 ft 
      
Q-2013 = 1.7 ft x 24 ft * (1.7 ft x 32.2 ft/sec2)0.5 
Q-2013 = 300 ft3/s 
Q-TOB (Top of Bank) 
Avg depth =  3.0 ft 
Width =  32 ft 
      
Q-TOB =  3.0 ft x 32 ft * (3.0 ft x 32.2 ft/sec2)0.5 
Q-TOB =  940 ft3/s 















-2 -5 bedrock wall  0 
0 0 bubble level 0 1.5 
2 2  2 3.5 
4 2.9 LE ice;bedrock wall 2.9 4.4 
6 4.2 3'x2'x1.5 ft boulder 4.2 5.7 
8 4.2 S~3-4% 4.2 5.7 
10 2.8 RE ice 2.8 4.3 
12 2  2 3.5 
14 1.8  1.8 3.3 
16 0 
3-4 ft diam. Ctnwd tree; 
HWM, G fine debris in brush 0 1.5 
18 -0.5   1 
20 -1.5 
top of DF boulders; edge of 
tree, ~flat overbank  0 





Figure 7.1.112. Van Bibber Creek cross-section D, not used for Q-max estimates. 
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Van Bibber Creek Cross-Section D Discharge 
Calculations 
Q-2013 
Avg depth = 2.5 ft 
Width = 16 ft 
      
Q-2103 =  2.5 ft x 16 ft * (2.5 ft x 32.2 ft/sec2)0.5 
Q-2013 = 360 ft3/s 
Q-2103 *1.2=  430 ft3/s 
Q-TOB (Top of Bank) 
Avg depth =  3.1 ft 
Width =  22 ft 
      
Q-TOB =  3.1 ft x 22 ft * (3.1 ft x 32.2 ft/sec2)0.5 
Q-TOB =  680 ft3/s 
Q-TOB *1.2=  820 ft3/s 
Table 7.1.73. Cross-section D discharge calculations at Van Bibber Creek paleoflood site. 

















2 0 NIS 0  
4 0.5 Qmax/BIS 0.5  
6 1.2  1.2  
8 2  2  
10 2.8  2.8 0 
12 3.2 
2013 HWM fine debris and 
wash line 3.2 0.4 
14 3.6  3.6 0.8 
16 4.1  4.1 1.3 
18 4.3  4.3 1.5 
20 4.7  4.7 1.9 
22 5.6  5.6 2.8 
24 5.6  5.6 2.8 
26 5.7  5.7 2.9 
28 6.4 3'x3'x<3' boulder 6.4 3.6 
30 4.7  4.7 1.9 
32 6.1 5'x3.3'x2.5' boulder 6.1 3.3 
34 5.2 S ~ 0.03% to 3.5% 5.2 2.4 
36 5.1 
probably edge of pre-2013, 
colluvial bank 5.1 2.3 
38 5  5 2.2 
40 2  2 -0.8 
42 2  2 -0.8 
44 2.5  2.5 -0.3 
46 2.7  2.7 -0.1 
48 3  3 0.2 
50 3  3 0.2 
52 2.9  2.9 0.1 
54 2.8  2.8 0 
56 2.7  2.7  
58 3.3  2.3  
60 3.2  2.2  
62 3  2  
Table 7.1.74. Cross-section E measurements at Van Bibber Creek paleoflood site. 
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64 2.8  1.8  
66 2.6  1.6  
68 2.4  1.4  
70 1.5  0.5  
72 0 NIS? (emplaced boulders?) 0  








Figure 7.1.113. Van Bibber Creek cross-section E. 
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Van Bibber Creek Cross-Section E Discharge 
Calculations 
Q-max 
Avg depth = 3.2 ft 
Width = 72 ft 
      
Q-max =  3.2 ft x 72 ft * (3.2 ft x 32.2 ft/sec2)0.5 
Q-max =  2280 ft3/s 
Q-NIS 
Avg depth = 4.1 ft 
Width = 72 ft 
    
Q-NIS =  4.1 ft x 72 ft * (4.1 ft x 32.2 ft/sec2)0.5 
Q-NIS =  3400 ft3/s 
Q-2013 
Avg depth = 1.3 ft 
Width = 44 ft 
    
Q-2013 =  1.3 ft x 44 ft * (1.3 ft x 32.2 ft/sec2)0.5 
Q-2013 =  370 ft3/s 
Table 7.1.76. Cross-section E discharge calculations at Van Bibber Creek paleoflood site. 














A 3250       
B 5370 3700     
C     940 300 
D     820 430 
1 4720 3230     
2 5460 3630   690 
3 6330 3980   310 
E 3400 2280   370 
Additional 4670 3870     
Average 
(ft3/s) = 




134 97.6 24.9 11.9 
Table 7.1.77. Final discharge calculations for Van Bibber Creek paleoflood site, calculated 
with the critical depth method. The additional cross-section was calculated by Jarrett in a 




7.1.7. Clear Creek 
7.1.7.1. Photographs 
7.1.7.1.1. Clear Creek Site One 
 
Figure 7.1.114. Downstream view of Clear Creek site one, from upstream of cross-section one 





Figure 7.1.115. View of cross-section one from left bank. A mid-channel bar is present (top of 





Figure 7.1.116. View from right bank end of cross-section one; note well-established, mid-










Figure 7.1.118. Upstream view at cross-section one of far-right bank of cut 2+ diameter 











Figure 7.1.120. View of boulders on mid-channel bar downstream from cross-section one; these 
large boulders are likely from the 1952 Georgetown Dam failure flood or the largest flood in at 





Figure 7.1.121. Upstream view of maximum HWM on left side of mid-channel bar near cross-





Figure 7.1.122. View from left edge of mid-channel bar toward large boulders near cross-
section two; HWMs in previous figure on opposite side of boulders.  Smaller channel on right 
















Figure 7.1.125. Downstream view of gravel splay from a recent high flow (5-10 years) on left 

























Figure 7.1.130. Downstream view of main channel of Clear Creek site one. Pole height 


















Figure 7.1.133. Upstream view of Clear Creek site one; mid-channel bar is visible in center of 








7.1.7.1.2. Clear Creek Site Two 
 
Figure 7.1.134. Upstream view of Clear Creek site two. 
 




Figure 7.1.136. View of cross-section three from left end, at Clear Creek site two. Gauging 





Figure 7.1.137. Cross-stream view from top of right bank cross-section three.  Clear Creek near 
Golden stream gage is on left bank.  Indian (aka Magpie) Gulch enters about 100 ft 
downstream from gage.  A flood from the tributary in the early 1920s dammed Clear Creek with 
debris including large boulders up to about 6 ft in diameter (see later photos).  Flow in Clear 
Creek cut through the debris dam, but remnants remain on the right bank for perhaps 100 ft or 
more.  Cross-section surveys of cross-section three and four show right bank elevations 












Figure 7.1.139. Same as previous figure, but showing large culvert from Indian/Magpie Gulch 






















7.1.7.2. Paleoflood Discharge Calculations 















0 0.000 NIS 0.000     
5 3.194 Qmax 1.530 0.000 0.000 
10 4.132 HWM 2.468 0.928 0.938 
15 6.772 
LB water surface left 
channel 5.108 3.568 3.578 
20 7.460   5.796 4.256 4.266 
25 7.738   6.074 4.534 4.544 
30 8.064   6.40 4.860 4.870 
35 8.154   6.49 4.950 4.960 
40 7.616   5.952 4.412 4.422 
45 7.238   5.574 4.034 4.044 
50 6.612 
RB water surface left 
channel 4.948 3.408 3.418 
55 4.970   3.306 1.766 1.776 
60 3.240 top of boulder 2.5' diameter 1.576 0.036 0.046 
65 3.618 1.5' diameter boulder 1.954 0.414 0.424 
70 2.954 2 ft diameter top of boulder 1.290     
75 7.386 
LB water surface right 
channel 5.722 4.182 4.192 
80 8.024   6.36 4.820 4.830 
85 8.510   6.846 5.306 5.316 
90 8.264   6.60 5.060 5.070 
95 8.600   6.936 5.396 5.406 
100 9.044   7.38 5.840 5.850 
105 7.620 
RB water surface right 
channel 5.956 4.416 4.426 
110 5.996   4.332 2.792 2.802 
115 3.204 Qmax 1.540 0.000 0.000 
120 1.664 NIS 0.000     
            
70 3.810 HWM       






Figure 7.1.143. Clear Creek cross-section one, located at site one. 
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Clear Creek Cross-Section 1 Q-NIS Calculations 
Avg depth =  4.6 ft 
Width =  117 ft 
      
Q-NIS =  4.6 ft x 117 ft * (4.6 ft x 32.2 ft/sec2)0.5 
Q-NIS = 6500 ft3/s 
Table 7.1.79. Cross-section one Q-NIS discharge calculations at Clear Creek. 
 
Clear Creek Cross-Section 1 Q-max Calculations 
Q-max LB 
Avg depth = 3.6 ft 
Width = 108 ft 
      
Q-max=  3.6 ft x 108 ft * (3.6 ft x 32.2 ft/sec2)0.5 
Q-max = 4140 ft3/s 
Q-max RB 
Avg depth =  3.6 ft 
Width =  108 ft 
      
Q-max=  3.6 ft x 108 ft * (3.6 ft x 32.2 ft/sec2)0.5 
Q-max = 4140 ft3/s 
Q-max Average 
Avg = (4140 + 4140) /2 
Avg = 4140 ft3/s 
































0 0.000             
5 2.042 BIS - Qmax 0.000 0.000 0.000   0.000 




channel 5.026 5.054 3.538 
 
3.322 
20 8.116   6.046 6.074 4.558   4.342 
25 8.540   6.470 6.498 4.982   4.766 
30 8.168   6.098 6.126 4.610   4.394 
35 8.250   6.180 6.208 4.692   4.476 




channel 4.454 4.482 2.966   2.750 
50 4.466 2017 HWM 2.396 2.424 0.908   0.692 
55 3.956   1.886 1.914 0.398   0.182 
60 3.774 HWM Qmax 1.704 1.732 0.216   0.000 
65 3.706   1.636 1.664 0.148     
70 4.072   2.002 2.03 0.514     
75 4.008   1.938 1.966 0.45     
80 4.446 
Qmax HWM 
right channel 2.376 2.404 0.888 0.000   
85 5.344   3.274 3.302 1.786 0.898   
90 5.778   3.708 3.736 2.220 1.332   
95 9.076   7.006 7.034 5.518 4.630   
100 9.216   7.146 7.174 5.658 4.770   




channel 5.912 5.940 4.424 3.536   
115 6.698   4.628 4.656 3.140 2.252   
120 3.558 Qmax 1.488 1.516 0.000 0.000   
125 2.070 QNIS 0.000 0.028       







Figure 7.1.144. Clear Creek cross-section two, located at site one. 
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Clear Creek Cross-Section 2 Q-NIS Calculations 
Q-NIS LB 
Avg depth = 4.1 ft 
Width = 120 ft 
      
Q-NIS=  4.1 ft x 120 ft * (4.1 ft x 32.2 ft/sec2)0.5 
Q-NIS=  5660 ft3/s 
Q-NIS RB 
Avg depth =  4.0 ft 
Width =  120 ft 
      
Q-NIS=  4.0 ft x 120 ft * (4.0 ft x 32.2 ft/sec2)0.5 
Q-NIS=  5370 ft3/s 
Q-NIS Average 
Avg = (5660 + 5370)/2 
Avg = 5515 ft3/s 




Clear Creek Cross-Section 2 Q-max Calculations 
Q-max RB 
Avg depth = 2.8 ft 
Width = 113 ft 
      
Q-max=  2.8 ft x 113 ft * (2.8 ft x 32.2 ft/sec2)0.5 
Q-max = 2990 ft3/s 
Q-max Right Channel 
Avg depth =  2.8 ft 
Width =  38 ft 
      
Q-max=  2.8 ft x 38 ft * (2.8 ft x 32.2 ft/sec2)0.5 
Q-max = 990 ft3/s 
Q-max Left Channel 
Avg depth =  2.9 ft 
Width =  53 ft 
      
Q-max=  2.9 ft x 53 ft * (2.9 ft x 32.2 ft/sec2)0.5 
Q-max = 1460 ft3/s 
Q-max Left Channel + Right Channel 
Total Q-max = 990 + 1460 
Total Q-max = 2450 ft3/s 
Q-max Average 
Avg = (2990 + 2450) /2 
Avg = 2720 ft3/s 



















0 2.586   0     
5 6.676 Qmax 3.49 0 0 
10 9.69   6.504 3.014 2.784 
15 10.92   7.734 4.244 4.014 
20 12.213 LB water surface 9.027 5.537 5.307 
25 12.392   9.206 5.716 5.486 
30 12.89   9.704 6.214 5.984 
35 12.672   9.486 5.996 5.766 
40 12.648   9.462 5.972 5.742 
45 13.404   10.218 6.728 6.498 
50 13.3   10.114 6.624 6.394 
55 13.758   10.572 7.082 6.852 
60 13.082   9.896 6.406 6.176 
65 12.276   9.09 5.6 5.37 
68 12.22 RB water surface 9.034 5.544 5.314 
70 9.428 2017 HWM 6.242 2.752 2.522 
75 6.906 Qmax 3.72 0.23 0 
80 3.186 NIS 0 0   
100 0 Terrace    
 0.32 
3 1/2 - 4 ft lower; 
(actual NIS over very 
long time frame)    








Figure 7.1.145. Clear Creek cross-section three, located at site two. 
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Clear Creek Cross-Section 3 Q-NIS Calculations 
Avg depth =  7.9 ft 
Width =  80 ft 
      
Q-NIS =  7.9 ft x 80 ft * (7.9 ft x 32.2 ft/sec2)0.5 
Q-NIS = 9990 ft3/s 
Table 7.1.85. Cross-section three Q-NIS discharge calculations at Clear Creek. 
 
Clear Creek Cross-Section 3 Q-max Calculations 
Q-max LB 
Avg depth = 4.85 ft 
Width = 68 ft 
      
Q-max=  4.85 ft x 68 ft * (4.85 ft x 32.2 ft/sec2)0.5 
Q-max = 4130 ft3/s 
Q-max RB 
Avg depth =  4.90 ft 
Width =  68 ft 
      
Q-max=  4.90 ft x 68 ft * (4.90 ft x 32.2 ft/sec2)0.5 
Q-max = 4250 ft3/s 
Q-max Average 
Avg = (4130 + 4250) /2 
Avg = 4190 ft3/s 
















0 5.136 NIS  0.000 
 5 9.804 2017 HWM 4.668 2.548 
10 12.598 LB water surface 7.462 5.342 
15 12.828   7.692 5.572 
20 13.446   8.310 6.190 
25 13.272   8.136 6.016 
30 13.460   8.324 6.204 
35 13.408 5 ft diameter boulder 8.272 6.152 
40 13.632   8.496 6.376 
45 14.260   9.124 7.004 
50 13.688   8.552 6.432 
55 12.674 RB water surface 7.538 5.418 
60 10.830 cobbles 5.694 3.574 
65 10.670 dense vegetation 5.534 3.414 
70 9.998   4.862 2.742 
75 9.668 top sandy SWD 4.532 2.412 
80 9.668   4.532 2.412 
85 9.668   4.532 2.412 
90 9.668   4.532 2.412 
95 9.668   4.532 2.412 
100 6.260   0.000 0.000 
105 0.000 top of terrace     
          
2 7.256 Qmax     









Figure 7.1.146. Clear Creek cross-section four, located at site two. 
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Clear Creek Cross-Section 4 Q-NIS Calculations 
Avg depth =  6.3 ft 
Width =  100 ft 
      
Q-NIS =  6.3 ft x 100 ft * (6.3 ft x 32.2 ft/sec2)0.5 
Q-NIS = 8900 ft3/s 
Table 7.1.88. Cross-section four Q-NIS discharge calculations at Clear Creek. 
 
Clear Creek Cross-Section 4 Q-max Calculations 
Avg depth =  4.3 ft 
Width =  95 ft 
      
Q-max =  4.3 ft x 95 ft * (4.3 ft x 32.2 ft/sec2)0.5 
Q-max = 4730 ft3/s 
Table 7.1.89. Cross-section four Q-max discharge calculations at Clear Creek. 
 





Q-max=  (2720 + 4140 + 4190 + 4730)/4 
Q-max=  3950 ft3/s 
Q-max= 112 m3/s 
QNIS=  (5515 + 6500 + 9990 + 8900)/4 
 QNIS= 7730 ft3/s 
QNIS=  219 m3/s 





7.1.8. Deer Creek 
7.1.8.1. Photographs 
 
Figure 7.1.147. View from right bank towards left bank of cross-section one at surveyed site; 




Figure 7.1.148. Similar to previous figure; view from right bank towards left bank at cross-





Figure 7.1.149. Cross stream view from right bank at cross-section two; survey tape visible in 





Figure 7.1.150. Similar to previous figure; cross stream view from right bank at cross-section 





Figure 7.1.151. Downstream view of maximum flood debris on right bank of cross-section two; 
may represent more than one flood. 
 
Figure 7.1.152. Downstream view of cross-section two in center of cross section; survey tape 















Figure 7.1.155. Similar to previous figure; Cross stream view from left bank of cross-section 








Figure 7.1.156. View of left bank concrete irrigation diversion structure upstream of Deer 





7.1.8.2. Paleoflood Discharge Calculations 














0 0.660 1.5' higher terrace surface       
5 1.688 NIS 0.000 0.000   
10 2.950 Qmax 1.262 1.112 0.000 
15 4.470   2.782 2.632 1.52 
20 5.306   3.618 3.468 2.356 
25 5.624   3.936 3.786 2.674 
30 6.860 LB water surface 5.172 5.022 3.91 
35 7.232   5.544 5.394 4.282 
40 6.878 RB water surface 5.19 5.04 3.928 
45 5.644   3.956 3.806 2.694 
50 6.210   4.522 4.372 3.26 
55 5.172 
BIS (break in slope) and 
recent HWM 3.484 3.334 2.222 
60 4.302   2.614 2.464 1.352 
65 3.414 
 
1.726 1.576 0.464 
70 2.694 
 
1.006 0.856 0.000 
75 2.238   0.55 0.4   
80 1.838 NIS 0.15 0.000   
85 0.000 top terrace 0.000     
90 0.000         








Figure 7.1.157. Deer Creek cross-section one. 
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Deer Creek Cross-Section 1 Q-NIS Calculations 
Q-NIS LB 
Avg depth = 2.8 ft 
Width = 75 ft 
      
Q-NIS =  2.8 ft x 75 ft * (2.8 ft x 32.2 ft/sec2)0.5 
Q-NIS = 2040 ft3/s 
Q-NIS RB 
Avg depth =  2.9 ft 
Width =  74 ft 
      
Q-NIS =  2.9 ft x 74 ft * (2.9 ft x 32.2 ft/sec2)0.5 
Q-NIS = 2060 ft3/s 
Q-NIS Average 
Avg = (2040 + 2060)/2 
Avg = 2060 ft3/s 
Table 7.1.92. Cross-section one Q-NIS discharge calculations at Deer Creek paleoflood site. 
Ralston Creek Cross-Section 2 Q-max Calculations 
Avg depth =  2.4 ft 
Width =  58 ft 
      
Q-max=  2.4 ft x 58 ft * (2.4 ft x 32.2 ft/sec2)0.5 
Q-max = 1200 ft
3/s 



















0 1.01 NIS 0   0 
5 2.298   1.288   1.036 
10 2.34 break in slope - Qmax 1.33 0 1.078 
15 3.708   2.698 1.368 2.446 
20 4.85 recent HWM poor 3.84 2.51 3.588 
25 6.186   5.176 3.846 4.924 
30 5.962   4.952 3.622 4.7 
35 5.514   4.504 3.174 4.252 
40 4.226 recent HWM 3.216 1.886 2.964 
45 4.51   3.5 2.17 3.248 
50 4.612   3.602 2.272 3.35 
55 3.664 swale 2.654 1.324 2.402 
60 2.458 
poor recent HWM (too 
high?) 1.448 0.118 1.196 
65 1.906   0.896 0 0.644 
70 1.902   0.892   0.64 
75 1.262 Qmax (moderate) 0.252   0 
80 0 NIS - terrace 0     










Figure 7.1.158. Deer Creek cross-section two. 
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Deer Creek Cross-Section 2 Q-NIS Calculations 
Q-NIS LB 
Avg depth = 2.5 ft 
Width = 76 ft 
      
Q-NIS =  2.5 ft x 76 ft * (2.5 ft x 32.2 ft/sec2)0.5 
Q-NIS = 1720 ft3/s 
Q-NIS RB 
Avg depth =  3.3 ft 
Width =  80 ft 
      
Q-NIS =  3.3 ft x 80 ft * (3.3 ft x 32.2 ft/sec2)0.5 
Q-NIS = 2740 ft3/s 
Q-NIS Average 
Avg = (1700 + 2740)/2 
Avg = 2220 ft3/s 





Deer Creek Cross-Section 2 Q-max Calculations 
Q-max LB 
Avg depth = 2.0 ft 
Width = 51 ft 
      
Q-max =  2.0 ft x 51 ft * (2.0 ft x 32.2 ft/sec2)0.5 
Q-max =  840 ft3/s 
Q-max RB 
Avg depth =  2.4 ft 
Width =  74 ft 
      
Q-max =  2.4 ft x 74 ft * (2.4 ft x 32.2 ft/sec2)0.5 
Q-max =  1600 ft3/s 
Q-max Average 
Avg = (840 + 1600)/2 
Avg = 1220 ft3/s 
Table 7.1.96. Cross-section two Q-max discharge calculations at Deer Creek paleoflood site. 
Final Paleoflood Discharge Calculations 
Ralston Creek 
Slope = 0.017 m/m 
Q-max=  (1200 + 1220)/2 
Q-max=  1210 ft3/s 
Q-max= 34.3 m3/s 
QNIS=  (2060 + 2220)/2 
 QNIS= 2140 ft3/s 
QNIS=  60.6 m3/s 





7.1.9. Upper South Platte River 
7.1.9.1. Photographs 
 

















Figure 7.1.162. Downstream, panoramic view from cross-section one. 
 















Figure 7.1.166. Photo of river showing critical flow (from top to bottom) over a rock with a 





Figure 7.1.167. Downstream view of right bank cobble/boulder bar near cross-section one; bar 



















Figure 7.1.171. Similar view to previous figure; Upstream view of right bank, point bar, with 































Figure 7.1.177. Similar to previous figure, but showing main channel on right of image; 











Figure 7.1.179. Upstream view of right bank HWM debris from a recent high flow (5-10 years); 





Figure 7.1.180. Panoramic view of woody debris in figure 6.1.150.; note, camera distorts view 





Figure 7.1.181. View across cross-section three from left bank; pole height indicates height of 





Figure 7.1.182. View of cobbles along right bank of cross-section three, likely from smaller, 







Figure 7.1.183. Downstream view of the Upper South Platte River at Waterton Canyon 





Figure 7.1.184. Upstream view of the Upper South Platte River at Waterton Canyon (upstream 








7.1.9.2. Paleoflood Discharge Calculations 
Upper South Platte River Cross Section-1 
STAT # (ft) Depth (ft) Comments 
45 0.0  
50 2.6  
55 4.5  
60 5.6 Some brush 
65 7.3  
70 8.9 LB water surface 
75 9.7  
80 9.3  
85 10.1  
90 8.7  
95 9.2  
100 9.1  
105 8.6 RB water surface 
110 6.7  
115 5.7 Brush, HWM 
120 5.6  
125 5.5 BB 
130 5.4  
135 5.3  
140 5.2  
145 5.1 Trees, edge of BB 
150 4.7  
155 4.4  
160 4.1  
165 3.8  
170 3.4  
175 2.6  
180 3.0  






Figure 7.1.185. Upper South Platte River cross-section one. 
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Upper South Platte River Cross-Section 2 




55 2.3 Scour mark 0.5 
60 3.8   2.0 
65 5.2   3.4 
70 6.4   4.6 
75 7.3   5.5 
80 8.2 LB water surface 6.4 
85 8.9   7.1 
90 9   7.2 
95 8.9   7.1 
100 8.8   7.0 
105 8.6   6.8 
110 8.6   6.8 
115 7.1 RB water surface 5.3 
120 5.4   3.6 
125 4.8 BB 3.0 
130 4.4   2.6 
135 4.1   2.3 
140 4.1   2.3 
145 4   2.2 
150 4 Thick brush 2.2 
155 4.1   2.3 
160 4.1 Edge BB 2.3 
165 3.5   1.7 
170 3.1   1.3 
175 2.6 Edge trees 0.8 
180 2.3   0.5 
185 2.1   0.3 
190 2   0.2 
195 2.4   0.6 
200 2.9   1.1 
205 2.3   0.5 
210 1.9 Qmax (at stat. 211) 0.1 
215 0.7   0.0 





Figure 7.1.186. Upper South Platte River cross-section two. 
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Upper South Platte River Cross-Section 1 Q-max 
Calculations 
Avg depth =  5.3 ft 
Width = 157 ft 
   
Q-max=  5.3 ft x 157 ft * (5.3 ft x 32.2 ft/sec2)0.5 
Q-max=  4730 ft3/s 















35 0   0   
40 3.1 Bottom of slope 2.6 0 
45 4.9   4.4 0.4 
50 5.5 HWM recent? 5 1 
55 6.2   5.7 1.7 
60 7.3   6.8 2.8 
65 8.5   8 4 
70 9.5 LB water surface 9 5 
75 10.1   9.6 5.6 
80 10.3   9.8 5.8 
85 9.6   9.1 5.1 
90 9.6   9.1 5.1 
95 9.9   9.4 5.4 
100 9.7   9.2 5.2 
105 9.4   8.9 4.9 
110 8.6 RB water surface 8.1 4.1 
115 5.6   5.1 1.1 
120 5.1   4.6 0.6 
125 4.7  BB 4.2 0.2 
130 4.5  Edge/toe of BB 4 0 
135 4.8   4.3 0.3 
140 5.6   5.1 1.1 
145 5.4 Trees  4.9 0.9 
150 4.1 HWM - BIS 3.6 0 
155 3.1   2.6   
160 3.1   2.6   
165 3   2.5   
170 3.1   2.6   
175 3.3   2.8   
180 3.4   2.9   
185 3   2.5   
190 2.5   2   
195 0.5 NIS 0   





Figure 7.1.187. Upper South Platte River cross-section three. 
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Upper South Platte River Cross-Section 3 Q-max 
Calculations 
Q-NIS 
Avg depth = 5.3 ft 
Width = 159 ft 
      
Q-NIS =  5.3 ft x 159 ft * (5.3 ft x 32.2 ft/sec2)0.5 
Q-NIS =  11100 ft3/s 
Q-HWM 
Avg depth =  4.2 ft 
Width =  114 ft 
      
Q-HWM =  4.2 ft x 114 ft * (4.2 ft x 32.2 ft/sec2)0.5 
Q-HWM =  2940 ft3/s 
















45 0.4     0.0 
50 3.3   0.0 1.7 
55 5.8 Base of slope 2.5 4.2 
60 6.3   3.0 4.7 
65 7.0 Very thick brush 3.7 5.4 
70 7.2   3.9 5.6 
75 7.5   4.2 5.9 
80 7.9   4.6 6.3 
85 8.3 LB top of bank 5.0 6.7 
90 10.1 LB water surface 6.8 8.5 
95 10.3   7.0 8.7 
100 10.6   7.3 9.0 
105 10.8   7.5 9.2 
110 11.5   8.2 9.9 
115 11.0   7.7 9.4 
120 10.9   7.6 9.3 
125 10.2 RB water surface, cutbank 6.9 8.6 
130 8.1   4.8 6.5 
135 6.3   3.0 4.7 
140 5.9   2.6 4.3 
145 5.4 Edge of trees 2.1 3.8 
150 4.8 HWM 1.5 3.2 
155 4.6   1.3 3.0 
160 4.4   1.1 2.8 
165 4.0   0.7 2.4 
170 3.6   0.3 2.0 
175 3.0 Qmax (stat. 173) 0.0 1.4 
180 2.0     0.4 
185 0.0 NIS (stat. 183)   0.0 







Figure 7.1.188.Upper South Platte River cross-section four. 
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Upper South Platte River Cross-Section 4 Q-max 
Calculations 
Q-NIS 
Avg depth = 5.3 ft 
Width = 136 ft 
      
Q-NIS =  5.3 ft x 136 ft * (5.3 ft x 32.2 ft/sec2)0.5 
Q-NIS =  9340 ft3/s 
Q-max 
Avg depth =  4.2 ft 
Width =  123 ft 
      
Q-max =  4.2 ft x 123 ft * (4.2 ft x 32.2 ft/sec2)0.5 
Q-max = 5860 ft3/s 
Table 7.1.104. Cross-section four discharge calculations at Upper South Platte River. 
 
Final Paleoflood Discharge Calculations 
Upper South Platte River 
Slope = 0.015 m/m 
Q-max=  (4730 + 5860)/2 
Q-max=  5295 ft3/s 
Q-max= 150 m3/s 
QNIS=  (11100+ 9340)/2 
 QNIS= 10220 ft3/s 
QNIS=  289 m3/s 
Table 7.1.105. Final discharge calculations at Upper South Platte River paleoflood site, using 






7.2. Appendix 2: GIS Basin Morphometry Analysis 





Units Description Formula Reference 








Below 2300 m 
km2 
Total area of basin 











Below 2300 m 
% 
Percentage of total 
area of basin under 










Average orientation of 
the watershed in 
relation to the main 













 E Mean Elevation m 




 H Basin Relief m 
Elevation difference 
between the highest 








 Rr Relief Ratio ratio 
Ratio of the vertical 
distance between the 
lowest and highest 
points of a basin to the 
basin length; allows 
for comparisons of the 
relative relief 



















The product of 
drainage density and 
basin relief where both 
terms have the same 
units. Higher values 
indicate higher 









Value of the steepest 










Average slope across 







Area of Basin 
with Slopes > 
30% 
km2 
Amount of area within 
the basin with slopes 






Percent Area of 
Basin with 
Slopes > 30% 
% 
Percent of the basin 
with slopes greater 





 LB Basin Length km 
Length of the basin 
following the main 
channel from the 
outlet of the basin to 










The average distance 
from the ridge of a 








Ratio between the 
diameter of a circle 
with the same area as 
the drainage basin and 
basin length; closer to 
1 is shaped closer to a 
circle, closer to 0 the 























Ratio between a 
circle with the 
same perimeter as 
the drainage area; 
the higher the Rc, 
the more circular 











curve that relates 
distribution of 

















The smaller the 
value, the more 










of a stream 
position within the 








 Lu Stream Length km 
Total length of 











Average length of 




























































drainage area are 
highly correlated, and 
gives an estimation of 
the runoff delivery 
efficiency from the 






Total No. of 
Streams 
number 
Total number of 











Indicates how closely 










The ratio between the 
number of streams of 
any given order to the 













7.2.2. Stream Delineation 
 




Figure 7.2.2. WBDHU8 shapefile of South Platte Tributary sub-basins (NHD dataset) in blue; 






Figure 7.2.3. Buffer of study extent from WBDHU8 shapefile of South Platte Tributary sub-





















7.2.3. Watershed Delineation: 
 











Figure 7.2.9. Final map of stream and watershed delineations; note only major streams shown 




7.2.4. Basin Physiographic Characteristics Delineation 
7.2.4.1. Hypsometric Curve 
 
 











Figure 7.2.12. (Top) Final hypsometric curve for Buckhorn Creek; (bottom) Statistical moments 





Figure 7.2.13. (Top) Final hypsometric curve for Big Thompson River; (bottom) Statistical 





Figure 7.2.14. (Top) Final hypsometric curve for Dry Creek/Cottonwood Creek; (bottom) 





Figure 7.2.15. (Top) Final hypsometric curve for Little Thompson River; (bottom) Statistical 





Figure 7.2.16. (Top) Final hypsometric curve for North Saint Vrain Creek; (bottom) Statistical 





Figure 7.2.17. (Top) Final hypsometric curve for South Saint Vrain Creek; (bottom) Statistical 





Figure 7.2.18. (Top) Final hypsometric curve for Left Hand Creek; (bottom) Statistical 





Figure 7.2.19. (Top) Final hypsometric curve for Boulder Creek; (bottom) Statistical moments 





Figure 7.2.20. (Top) Final hypsometric curve for South Boulder Creek; (bottom) Statistical 





Figure 7.2.21. (Top) Final hypsometric curve for Coal Creek; (bottom) Statistical moments 





Figure 7.2.22. (Top) Final hypsometric curve for Ralston Creek; (bottom) Statistical moments 





Figure 7.2.23. (Top) Final hypsometric curve for Van Bibber Creek; (bottom) Statistical 





Figure 7.2.24. (Top) Final hypsometric curve for Tucker Gulch; (bottom) Statistical moments 





Figure 7.2.25. (Top) Final hypsometric curve for Clear Creek; (bottom) Statistical moments 





Figure 7.2.26. (Top) Final hypsometric curve for Mount Vernon Creek; (bottom) Statistical 





Figure 7.2.27. (Top) Final hypsometric curve for Bear Creek; (bottom) Statistical moments 





Figure 7.2.28. (Top) Final hypsometric curve for Turkey Creek; (bottom) Statistical moments 





Figure 7.2.29. (Top) Final hypsometric curve for Deer Creek; (bottom) Statistical moments 





Figure 7.2.30. (Top) Final hypsometric curve for Upper South Platte River; (bottom) Statistical 
moments calculations for hypsometric curve for Upper South Platte River. 
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7.3. Appendix 3: Statistical Analysis Results 
7.3.1. Scatter Plots Including Upper South Platte River 

























































Mean Basin Slope  
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7.3.2. Scatter Plots Excluding Upper South Platte River 

























































Mean Basin Slope  
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Avg. Stream Length 
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7.3.3. Q-max vs. Basin Characteristics Statistical Results Including the Upper South 
Platte River 







Drainage Area Below 2300m (km2) 0.8141 <.0001 0.0019 
Basin Perimeter (km) 0.5353 0.0150 0.0019 
Basin Length 0.4902 0.0282 0.0020 
Basin Relief (m) 0.4479 0.0476 0.0021 
Basin Relief Ratio -0.4415 0.0513 0.0022 
Area of Basin with Slopes > 30% 0.3523 0.1277 0.0023 
Hypsometric Integral -0.3125 0.1798 0.0024 
Basin Orientation 0.3116 0.1812 0.0025 
Max. Basin Slope 0.2909 0.2134 0.0026 
Drainage Area (km2) 0.2846 0.2240 0.0028 
Basin Magnitude 0.2834 0.2259 0.0029 
Total Stream Length 0.2706 0.2486 0.0031 
Basin Shape 0.2511 0.2856 0.0033 
Basin Elongation Ratio 0.2412 0.3057 0.0036 
Length Ratio -0.2272 0.3355 0.0038 
Circularity Ratio -0.2068 0.3816 0.0042 
Percentage of Basin with Slopes > 30% -0.1706 0.4722 0.0045 
Total No. Streams 0.1583 0.5050 0.0050 
Mean Elevation (m) 0.1299 0.5850 0.0056 
Mean Basin Slope -0.1258 0.5972 0.0063 
Avg. Stream Length -0.1030 0.6656 0.0071 
% Drainage Area Below 2300m -0.0959 0.6875 0.0083 
1st-Order Channel Freq 0.0608 0.7989 0.0100 
Length of overland flow -0.0560 0.8146 0.0125 
Drainage Density -0.0560 0.8146 0.0167 
Bifurcation Ratio 0.0445 0.8522 0.0250 
Ruggedness Number -0.0002 0.9993 0.0500 















7.3.4. Unit Discharge vs. Basin Characteristics Statistical Results Including the 
Upper South Platte River 








Bifurcation Ratio 0.6479 0.0020 0.0019 
Basin Relief (m) -0.6297 0.0029 0.0019 
Max. Basin Slope -0.6119 0.0041 0.0020 
1st-Order Channel Freq 0.5995 0.0052 0.0021 
Basin Relief Ratio 0.5659 0.0093 0.0022 
Basin Length -0.5451 0.0129 0.0023 
% Drainage Area Below 2300m 0.4912 0.0279 0.0024 
Basin Perimeter (km) -0.4651 0.0388 0.0025 
Mean Elevation (m) -0.4554 0.0436 0.0026 
Hypsometric Integral 0.4026 0.0784 0.0028 
Basin Orientation 0.3694 0.1090 0.0029 
Area of Basin with Slopes > 30% -0.3489 0.1316 0.0031 
Circularity Ratio 0.3456 0.1356 0.0033 
Length Ratio -0.3085 0.1857 0.0036 
Drainage Area (km2) -0.2946 0.2074 0.0038 
Basin Magnitude -0.2937 0.2088 0.0042 
Total Stream Length -0.2885 0.2173 0.0045 
Length of overland flow 0.2825 0.2275 0.0050 
Drainage Density 0.2825 0.2275 0.0056 
Drainage Area Below 2300m (km2) -0.2754 0.2399 0.0063 
Total No. Streams -0.2610 0.2664 0.0071 
Basin Shape -0.2135 0.3660 0.0083 
Percentage of Basin with Slopes > 30% 0.2029 0.3908 0.0100 
Basin Elongation Ratio -0.1893 0.4240 0.0125 
Mean Basin Slope 0.1761 0.4577 0.0167 
Ruggedness Number -0.0817 0.7321 0.0250 
Avg. Stream Length 0.0287 0.9043 0.0500 
Table 7.3.4. Correlation results for Unit Discharge including the Upper South Platte River 










Table 7.3.6. Random forest results for Unit Discharge including the Upper South Platte River 
basin. 
